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PREFACE 


Tuis set of four books of problems is based on a translation of a 
Russian collection which has been in use by students in physics at 
Moscow State University and the Moscow Physico-Technical In- 
stitute for a number of years. Where appropriate, answers and 
solutions to the problems are given in the second part of each 
volume. 

During the course of the translation of these volumes, the 
authors provided a large list of amendments and additions to their 
Russian text and these have all been incorporated in this English 
edition. Many ofthe additional problems are on topics which have 
developed during recent years. 

The standard of the problems is roughly equivalent to an 
undergraduate degree course in physics at a British university, or 
at an American university; it varies from the simple to the rather 
sophisticated. They can be used in conjunction with almost any 
textbook on physics at the appropriate level. 

D. TER HAAR 


vii 


PROBLEMS 


CHAPTER I 


MOLECULAR PHYSICS AND 
THERMODYNAMICS 


$1. THERMOMETRY. CALORIMETRY 
THERMAL EXPANSION 


1. A box containing thermometers of the Florentine Academy 
(1660) with 50? scales was found by chance in Florence in 1829. It 
was found that 50? Florence (Fl) corresponded to 44? R and 
O?Fl = —15°R. Find an expression for converting degrees of the 
Florentine scale to degrees centigrade (°C). 


2. I.N. Deli, a member of the St.Petersburg Academy of 
Sciences, described his thermometer scale in 1733. He used mer- 
cury as his thermometric substance and took as his zero the tem- 
perature of boiling water. He divided the volume of the mercury 
at this point into 100,000 parts (major thermometer) and into 
10,000 parts (minor thermometer) and marked off corresponding 
divisions on a scale; it turned out that the mercury of the minor 
thermometer dropped to the 150th division in melting ice. Find 
the expression for converting degrees Delil’ (minor thermometer) 
to degrees centigrade. 


3. Academician I.Braun of the St.Petersburg Academy of 
Sciences was the first to succeed in freezing mercury, in the frost 
out of doors on 25 Dec., 1759, at 199? D (i.e. on Delil's scale, see 
the previous problem). Regarding this, B. N. Menshutkin wrote in 
his book M.V. Lomonosov: 

*A mercury thermometer buried in a refrigerating mixture was 
broken open, and Braun obtained for the first time a ball of solid 
mercury. It proved to be soft, like lead, and resembled polished 
silver. The experiments were continued on 26 Dec., now with 
Lomonosov; the frost was increasing, and 212?D was reached at 
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10 a.m. on the 26th. A mercury thermometer was placed in a 
refrigerating mixture of snow, aqua fortis (nitric acid) and vitriol 
(sulphuric acid). Lomonosov described the further course of the 
experiments as follows: ‘Being in no doubt that it had already 
frozen, I presently struck the bulb and the glass immediately shat- 
tered; the mercury came out in a solid ball with a tail formed from 
the mercury in the thermometer tube, and resembling pure silver 
wire; this latter could be bent freely like a soft metal and had a 
thickness of a fortieth of an inch. On striking the mercury ball with 
the shaft of a hammer, I felt that it had the hardness of lead or tin. 
The first four blows had no significant effect, but cracks began to 
appear with the fifth, sixth and seventh. I then stopped striking 
the mercury, and tried cutting it with a knife; after about 20 min- 
utes it began to resemble an amalgam or paste, and soon regained 
its lost fluidity, i.e. it melted in a frost of 208 degrees." 

Find from Lomonosov's experiments the freezing-point of mer- 
cury in degrees centigrade. 


4. A thermometer indicates a temperature fọ in melting ice, and 
a temperature — £y in the steam from water boiling at a pressure of 
H mmHg. Find an expression for the true temperature ¢ at any 
intermediate reading ¢, of the thermometer, on the assumption that 
the thermometer tube is divided into equal volumes by the scale 
graduations. The boiling-point of water at a pressure of H mmHg 
is Ty. 


5. A thermometer in melting ice indicates rj = —3-0°*, whilst 
the reading is 74, = 101-4° in the steam from water boiling at a 
pressure of 760 mmHg. What temperature does the thermometer 
register in the vapour of boiling methylated spirits (66-9°)? 


6. Two completely identical thermometers are filled at 0° with 
equal volumes of mercury and toluol. Find the ratio of the length / 
of a division corresponding to 1° on the mercury thermometer scale 
to the length /, of a division on the toluol thermometer scale. The 
volumetric expansion coefficient of mercury is «, of toluol æ, and 
the linear expansion coefficient of glass is f. 


7. Discuss the behaviour at different temperatures from 0? to 
10° of a thermometer filled with water. At what temperatures will 


* Wherever the temperature scale is not mentioned, degrees centigrade are 
to be understood. 
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the reading ofthe thermometer be the same? Use the formula 
V = 1 — 000006105; + 0-0000077337?, 


for the volume V of water as a function of the temperature £. Take 
the volume at 0° as unity. 


8. A hydrogen thermometer with a constant volume V, under- 
goes a pressure change from pp mmHg to p, mmHg on heating 
from £ = 0° to ¢,. Find the gas temperature ¢, if the volumetric 
expansion coefficient of the vessel is « and of hydrogen is a. 


9. A thermometer immersed in water of mass m = 6:7 g under- 
goes a temperature rise of Az = 14-6? and indicates a temperature 
t = 32:4?. What is the temperature x? of the water prior to 
the measurement. The water equivalent of the thermometer is 
k = 0:46 caldeg"!. 


10. The temperature scale of a gas thermometer is usually 
constructed so that equal increments of the volume or pressure of 
the thermometric substance correspond to equal increments of 
temperature. Dalton (1802) proposed a different scale, in which equal 
increments of temperature correspond to equal relative increments 
of the volume of an ideal gas at constant pressure. In the Dalton 
scale, as in the centigrade scale, zero is taken as the temperature of 
melting ice, and 100? as the temperature of steam at normal pres- 
sure. Express the temperature v on the Dalton scale in terms of the 
temperature ¢ on the centigrade scale. 


11. The volumetric expansion coefficient « of mercury at 0? 
and atmospheric pressure is 0:00018 deg-!. The compression co- 
efficient is y = 0-0000039 atm~'. Calculate the thermal coefficient 
of pressure of mercury. 


12. What must be the increase in the outside pressure in order to 
maintain a constant volume of mercury when it is heated from 0? 
to 10?? (See the previous problem.) 


13. Iron wire, with a resistance of 15 ohm at a temperature of 
18°, is used for measuring the temperature of a thermostat. Its 
resistance in the thermostat proved to be 18:25 ohm. Find the 
thermostat temperature z if the temperature coefficient of the re- 
sistance of iron is x = 0:006 deg^!. 


14. A linear bolometer made of blackened sheet platinum has a 
resistance R = 108 ohm. To what accuracy can temperatures be 
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measured by using such a bolometer, if all the resistances are dcter- 
mined to an accuracy of AR = 0-00! ohm, and the temperature 
coefficient of the resistance of platinum is x = 0-0039 deg^!? 


15. Let mg ice at 0? be mixed with m’ g water at 1,? in a calori- 
meter. Find the temperature : of the mixture if the latent heat of 
melting is 2, and all the ice melts. 


16. What amount m of water at fọ = 20? can be frozen by 
vaporising M — 100 g of sulphuric ether, having a temperature 
tı = 20°, a specific heat q = 0:5calg-'deg-', and a heat of 
vapourisation r=90 calg— (assuming that the heat of vaporisation 
is taken entirely from the water)? Assume that the heat of vapori- 
sation of thc ether is independent of the temperature. 


17. The specific heat of zinc is determined by heating a piece of it 
weighting m, = 235-6 g to t; = 99-3? and dropping it in a brass 
calorimeter. The specific heat of brass is gq, = 0:093 calg^! deg !, 
the mass of the calorimeter and mixer is m, = 100g, the mass of 
water is m = 209-3 g; the initial temperature of the calorimeter and 
water is fg = 20-°5°. The temperature of the water in the calorimeter 
rose to t = 27:6°. Find the specific heat of zinc. 


18. Two liquids are heated in identical vessels by the same electric 
current, identical wire-wound resistances being placed in each vessel 
for this purpose. The liquid in the first vessel is heated from f to ¢,. 
The mass of the liquid in this vessel is m, its specific heat is q, 
whilst the water equivalent of the vessel is m,q,. Find the specific 
heat q’ of the liquid in the second vessel if it heats in the same time 
from fo to 11; the water equivalent of the second vessel is m\q;, 
and the mass of the liquid is m'. 


19. Given the necessary precautions, water can be coolcd to a 
temperature ¢ = —10°. What mass of ice m is formed from 
M = 1 kg of such water when a particle of ice is thrown into it and 
freezing thereby produced? Regard the specific heat of the super- 
cooled water as independent of the temperature and equal to the 
specific heat of ordinary water. 


20. When 1 g hydrogen is burned and converted into water, 
34,000 cal of heat are produced. How many grams of coal must be 
burned in order to dissociate 1 g water, if 50 per cent of the heat 
released by thecoal is used? The calorific valuc of coal is 7000calg^!. 
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21. To determine the volumetric expansion coefficient a of glass, 
a small glass bulb with elongated ends is weighed, first when empty, 
then with the amounts of mercury needed to fill it completely at two 
temperatures, say 0? and t. Let po and p, be the weights of mercury 
atthetwo temperatures. Find the volumetric expansion coefficient « 
of glass if the volumetric expansion coefficient of mercury is a. 


22. We are given several clocks with pendulums of the same 
material but different lengths. Show that, if all the clocks are 
regulated at a certain temperature /,, the relative change in the 
running of the clocks at a different temperature f; is the same for 
all of them and independent of the length of the pendulum. 


23. A glass bulb with volumetric expansion coefficient œ is 
weighed in liquid at temperatures ż and 7,. The weights of the dis- 
placed liquids are p and p, respectively. Find the volumetric ex- 
pansion coefficient a, of the liquid in the temperature interval 
from t to t,. 


24. A picnometer at a temperature ż is filled with alcohol, the 
weight of which is p. The picnometer plus alcohol is then heated to 
a temperature f£, and the excess of alcohol above the previous level 
is removed by filter paper. The weight of the alcohol is then p,. 
Find the mean volumetric expansion coefficient « of alcohol, if the 
linear expansion coefficient of glass is f. 


25. A barometer has a brass scale. At a temperature f, = 27? 
the height of the mercury column, measured on the scale, is A, 
= 751-3 mm. Find the height Hp of the column at t; = 0°. The 
coefficient of linear expansion of brass is B. = 0:000019 deg^! and 
thevolumetricexpansioncoefficient of mercury isa —0:000182 deg". 


26. The linear expansion coefficient B of German silver is deter- 
mined with the aid of a lever device (Fig. 1). The length of thc rod 
A at to = 0° is J, = 23:02 cm. On heating to t, = 99-3? the arrow 
of the second lever deflects through the angle p = 9°30’. The short 
arm DE of the second lever is DE = a = 2-5 cm. The ratio of the 
arms of the first lever BC: BD = 1:10. Find £. 


27. A circular plate, whose radius at a temperature f, is r, is cut 
from quartz parallel to its (optical) axis. Find the area S of the plate 
at a temperature £5. The expansion coefficient parallel to the axis 
is B4, and perpendicular to the axis B, . 
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28. A cylinder is cut out of quartz, its axis being parallel to the 
(optical) axis of the quartz. At a temperature r, = 18? the cylinder 
radius is r = 10 mm, and its height / = 50 mm. Find the volume 
V; of the cylinder at the temperature t} = 300°. The linear ex- 
pansion coefficients of quartz are f, = 0-000072 deg^!, and f, 
= 0:0000132 deg-?. 





Fic. 1 


29. The following method is used for determining the true volu- 
metric expansion coefficient of a liquid. Two communicating vessels 
are filled with liquid, the expansion of which is to be investigated; 
when the vessels are at the same temperature the liquids are at the 
same height. If one vessel is cooled by melting ice, and the other 
heated in steam at standard atmospheric pressure, the liquid levels 
at equilibrium will be different. The difference in levels enables us 
to calculate the volumetric expansion coefficient «. Derive an 
expression for a. 


30. The following method can be used for finding the volumetric 
expansion coefficients of different metals. A metal rod of weight p 
and density oo at 0° is placed in a glass bulb with an elongated end. 
The bulb is filled with mercury. The volumetrie expansion cocffi- 
cients of mercury « and glass f are assumed known. The weights of 
the mercury filling the space in the bulb not occupied by the metal 
are Po and P, at 0° and f° respectively. The density of mercury at 0° 
is dg. On the basis of these data find the volumetric expansion co- 
efficient x of the metal. 


31. The wheel of a locomotive has a radius ry = 1 m at tg = 0°. 
Find the difference in the number of revolutions of the wheel in 
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summer at /, = 25? and winter at t = — 25? over a journey of 
length / = 100 km. The linear expansion coefficient of the material 
of the wheel is 8 = 0:000012 deg-’. 


32. A piece of ice floats in a vessel filled with water. Will the 
water level change when the ice melts, if the final temperature of the 
water remains 0°? 


33. What force P must applied to a steel rod of 1 cm? cross- 
section, in order to stretch it as much as it would be stretched when 
heated through 1°. The linear expansion coefficient is f = 12 
x 10-6 deg-!. Young's modulus E = 2:1 x 10° kgcm-?. 


34. A steel band is driven on to a wagon wheel at t, = 300°. 
Find the extension force P on the band at tj = 20? if the band cross- 
section is S = 20 cm?. Young's modulus is 2-1 x 1096 kgcm-? and 
the linear expansion coefficient is 8 = 12 x 1076 deg-!. 


$2. THERMAL CONDUCTIVITY 


35. A steel rod of length / = 20cm and cross-sectional area 
S = 3cm? is heated at one end to ¢, = 300? whilst the other end 
rests in ice. Assuming that heat transmission occurs exclusively 
through the rod (without losses from the walls), calculate the mass 
m of the ice melting in time 7 = 10 min. The thermal conductivity 
of steel is k = 0-16 caldeg^!sec-!cm-!. 


36. A copper percolator is heated on a primus. The water is 
brought to the boil and releases m = 2 g steam per minute. The 
thickness of the percolator base is / = 2 mm, and its area S 
= 300 cm?. Find the temperature difference t, — t, between the 
inner and outer surfaces ofthe base, on the assumption that the base 
is heated uniformly. The thermal conductivity of copper is 
k = 0:92caldeg-!sec^!cm-!. 


37. Solve the previous problem when the base is covered on the 
inside by a layer of scale /, = 1 mm thick. The thermal conductivity 
of the scale is k; = 0-003 caldeg^!sec^!cm^!. 


38. Three plates of the same dimensions are combined to form 
asmallpile. Thecentre plate is lead, and the outer plates silver. The 
outer surface of one silver plate is held at a constant temperature 
t = 100°. The outer surface of the other silver plate is at t; = 0°. 
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Find the temperatures t, and t; at the points of contact of the lead 
with the silver plates. The thermal conductivity of lead is Kk, 
= 30 caldeg-! hr-! m-!, and of silver k = 360 caldeg? hr^! m^!. 


39. Find the amount of heat Q lost per m? of wall during a time v 
equal to 24 hr when the air temperature in a room is 1, = 20° 
and the outdoor temperature is tg = — 10°. The wall thickness is 
l = 20cm. The thermal conductivity of the wall material is 
k = 0:003 caldeg-!sec~!cm—!. The external thermal conductivity 
at the wall-air boundary is « = 0-0002 caldeg-!sec-! cm-?. Find 
also the temperature £, of the inner and 54 of the outer surface ofthe 
wall. 


40. How much coal has to be burnt in 24 hr in a central heating 
system if the surface area of the walls and roof of the house is 
S = 10,000 m?, in order to maintain a temperature /, = 18? in the 
rooms, when the outdoor temperature is t; = — 22°? The wall 
thickness L — 60 cm, the internal thermal conductivity of the wall 
materialis k = 0-002 caldeg-!sec-! cm-!, and the heat leakage per 
unit area of the roof surface is the same as per unit wall area. 
The external thermal conductivity at the air-wall boundary is 
a = 0:00025 caldeg-!sec^!cm-?, the calorific value of coal is 
r = 7500 calg^!. 


41. Two vessels, filled with liquids at temperatures t, and ¢,, are 
joined by a metal rod of length L, cross-section S and thermal con- 
ductivity k. The masses and specific heats of the liquids are m, , m; 
and c, c; respectively. The vessels and rod are thermally insulated 
from the surrounding medium. What is the time t required for the 
temperature difference to be halved? 


42. Liquid with a temperature f, is poured into a thin-walled 
closed metallic vessel. The air temperature outside the vessel is £4. 
Find the temperature t; of the outer wall, given that the internal 
thermal conductivity of the metal is k, the external thermal con- 
ductivity at the metal-air boundary is «, and at the metal-liquid 
boundary oo. The wall thickness is L. 

Note. A vesselis regarded as thin-walled when the wall thickness 
is small compared with its linear dimensions. 


43. Find the temperature t; in the previous problem in two limit- 
ing cases: (1) a very thin metallic vessel, and (2) a vessel made of 
material of very small thermal conductivity. 
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44. Liquid with a temperature /, is poured into a thin-walled 
closed metallic vessel with a total surface S. What time c does it 
take the liquid to cool to a temperature f» if its mass is m, its specific 
heat c, the air temperature outside the vessel 74, and the external 
thermal conductivity at the metal-air boundary a? 


45. The space between two coaxial cylinders with radii R, and R; 
is filled by a thermally conducting uniform material. Find the tem- 
perature distribution in the space, if the temperature of the inner 
cylinder is 7, , and of the outer f,. 


46. Find the temperature distribution in the space between two 
concentricspheres ofradii R,, R;, filled with thermally conducting 
uniform material, if the temperatures of the spheres are constant 
and equal to 4/,, t2. 


47. A d.c.currentof Jamps flows along an uninsulated conductor. 
Find the conductor temperature ¢ as a function of the distance r 
from its axis in the stationary state, if the conductor radius is R cm, 
its thermal conductivity is k cal deg! sec! cmt, its specific 
resistance is o ohm cm, and its surface temperature is fg. 


48. The water in a pond has a temperature ¢, = 0°. The tem- 
perature of the surrounding air is /; = — 10°. What thickness x of 
ice forms after 24 hr, measured from the instant when the water 
freezes. The thermal conductivity of ice is 


k = 0-0053 caldeg^!sec^!cm^, 


the latent heat of freezing of water is 2 = 80 calg^!, the density of 
ice is o = 0-9 gcm^?. 


49. The ends of a long uniform rod, the cross-sectional dimen- 
sions of which are small compared with its length, are held at tem- 
peratures /, and £5, which can vary in the course of time. The tem- 
perature of the uniform medium surrounding the rod is t3. Show 
that, due to conduction to the outside, the temperature in the rod 
is subject to the equation 

2 
D. enit read, 
ot Ox? 
where a? = k/co, b? = ap[coS, p is the perimeter of the rod cross- 
section, S is the area of the cross-section, c is the specific heat of the 
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rod material, o is its density, « is the thermal conductivity to the 
outside, k is the thermal conductivity of the rod material, and t is 
the time. 


50. Find the steady-state temperature distribution along a very 
thin long rod of length /, if the temperatures ofits ends are t, and f, 
and these, together with the temperature 74 of the surrounding 
medium, are maintained constant. The remaining values are the 
same as in the previous problem. 


5]. Solve the previous problem on the assumption that /4 = fp. 
Consider the case of a very long rod. 


52. Antimony and copper rods are covered by very thin layers 
of paraffin wax and their ends are supported in the wall of a metallic 
vessel filled with boiling water. During a certain time, until the 
stationary state is achieved, melting of the paraffin wax ceases at a 
distance x, from the wall ofthe vessel on the antimony rod and at a 
distance x, on the copper rod. The thermal conductivity ofantimony 
is k,. Find the thermal conductivity of copper k;. 


53. Thethermal conductivities of liquids are found by using three 
copper plates, arranged horizontally, one above the other. The lower 
plate is washed by a flow of cold water (temperature ¢,) the upper 
plate by warm water (temperature /4). The space between the lower 
and the centre plates is filled with liquid with thermal conductivity 
k,, and the space between the centre and upper plates by liquid 
with thermal conductivity k;. The distance of the centre plate from 
the lower is d, , and from the upper is d,. Express the thermal con- 
ductivity k; in terms of k,, if the steady-state temperature of the 
centre plate is 75. In the case when the known liquid is water 
(kK, = 0-00143 caldeg^!sec^!cm^!), and the unknown liquid is 
benzol, the distances are d; = 1mm, d; = l[2mm, the temperatures 
are f, = 80°, 7 = 68-6°, 14 = 10°. Find k, for benzol. 

54. The temperature of one end of a uniform rod is ¢,, and of the 
other end ¢,, the temperature of the surrounding medium being 
zero. 

Show that, in the stationary state, the temperature 2,, 25, 03 of 
three equidistant sections of the rod, at distances x, x + d, x + 2d 
from its origin, are connected by the relationship 


UY ed +e"? where f 5 |2, 
9, VKS 
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where « is the external thermal conductivity, k the internal thermal 
conductivity, p the perimeter and S the area ofthe rod cross-section. 


55. The following method is sometimes used for finding the 
thermal conductivity of a rod. If the temperature of the surround- 
ing medium is taken as zero, the following relationship holds in the 
steady statebetween the temperatures 9, , 0; , #3 of three equidistant 
cross-sections of the rod, when heated at one end: 


Putus = & e = 2n, where B = ae 

0, ks 
(see the previous problem). The quantity 27 can be determined by 
direct measurements. If we are given two rods of different materials, 
after finding 2n for one of them from certain measurements, and 
2n, for the other, we can find the ratio of the thermal conductivities 
from the formula k,/k = ([In (n + Vn? — 1)]/[In (n, + Vn? — 1)]? 
provided the rods have the same cross-sections (S) and different 

external thermal conductivities (x). Deduce this formula. 


56. The half-space x > 0 is filled with a material of thermal con- 
ductivity a? = k[co. In the plane x = 0 harmonic temperature 
oscillations of period T occur: 


t= to + ti COS OT, 


where fy and ¢, are constants, and w = 2z/T. Find the temperature 
of the medium as a function of the co-ordinate x and time c. 

Hint. Seek the solution of the heat conduction equation dt/dt 
= a? ĝ?tjðx? in the complex form: t — tọ = X(x) e/^', then pass 
to the real form. 

57. Experiment shows that heat waves with a period of 1 day 
(24 hr) are propagated inside the Earth with a velocity of 1 m 
per day. Find the velocity of propagation of waves with a period 
of 1 year. 


58. Find y;/y, , where y, is the damping coefficient of annual heat 
waves and y; the damping coefficient of daily waves. 


59. A uniform solid medium fills the infinite half-space x > 0. 
At the instant t = 0 the temperature of the medium is the same 
everywhere and equal to tf = tọ. A constant temperature ¢ = 0 is 
then imposed on the surface x — 0. Show that the temperature of 
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the medium at any instant t > 0 is given by 


id emen di. (1) 
Vx 0 


60. W. Thomson (Lord Kelvin) calculated the age of the Earth 
by starting from the following assumptions: the Earth is a uniform 
body, the temperature of which at the instant when hardening 
occurred throughout its mass was equal to the temperature of rock 
solidification ty % 4000°C, whilst the temperature of the Earth's 
surface at the instant of hardening remained constant and equal 
to 0?C. When calculating the temperature gradient close to the 
Earth's surface Thomsonreplaced it by a uniform medium, bounded 
by a plane surface and occupying the infinite half-space x > 0 (see 
the previous problem). Calculate the age of the Earth (from the in- 
stant of hardening) on these assumptions; if the Earth'stemperature 
close to its surface increases 1? per 25 m depth, and the velocity of 
propagation of the daily heat waves is v = 1 m per day. 


61. A rod of cross-section SS is held with its ends in solid platcs, 
the distance L between which is maintained constant. The tem- 
perature of one plate is then raised, and a constant heat flux Q is 
established in the rod. What is the pressure p exerted per unit 
cross-section of the rod if the initial stress in the rod was zero? The 
thermal conductivity of the rod is k, the linear expansion coefficient 
is a, Young's modulus is E. 


$3. Gas LAWS. THE EQUATION OF STATE 


62. The density of a gas may be determined as follows. A large 
glass bulb of capacity V is filled with the gas under test to a pressure 
H mm Hg and weighed. Let its weight be P. Part of the gas is now 
removed, so that the pressure falls to h mm Hg. The new weight of 
the bulb is p. What is the density ofthe gas at atmospheric pressurc? 


63. A gas-filled electric lamp contains nitrogen at a pressure of 
600 mm Hg. The volume of the lamp is 500 cm?. How much water 
will enter the lamp if its tip is broken off under water at standard 
atmospheric pressure? 


64. Find the number n of cycles of the piston of an air pump 
required to pump a vessel of volume V from a pressure p, to a 
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pressure p2, if the volume corresponding to one cycle of the piston 
is v. Neglect the dead space. 


65. A narrow cylindrical pipe closed at one end contains air 
which is separated from the outer atmosphere by a column of 
mercury. If the pipe is turned with the closed end uppermost, the 
air inside it occupies a length 7; whereas when the open end is 
uppermost, the length occupied is /’ < /. The length of the mercury 
column is A. Find the atmospheric pressure. 


66. A barometric tube is immersed in a deep vessel containing 
mercury so that the levels of the mercury in the tube and the vessel 
are the same. The air in the tube occupies a column of length / cm. 
The tube is now raised /' cm. How many centimetres does the 
mercury rise in the tube? The atmospheric pressure is H cm Hg. 


67. A cylindrical pipette of length / is half submerged in mercury. 
It is closed by a finger and withdrawn. Part of the mercury flows 
out. What length of mercury column remains in the tube? The at- 
mospheric pressure is H. 


68. A McLeod gauge is required to read pressures up to 0-1 mm 
Hg. The volume of the manometer sphere must not exceed 150 cm?, 
and the capillary length must not exceed 20 cm. What minimum 
cross-section of capillary is required? 


69. In the manometer ofthe previous problem, how far from the 
end of the capillary is the marker corresponding to a pressure of 
0-00005 mm Hg? 

70. A badly dried flask at ¢ = 20? contains a mixture of air and 
water vapour, the partial pressure of which are 0-25 and 0-1 mm Hg 
respectively. Find the error in the reading of a McLeod gauge 
attached to the flask for measuring pressure, if the volume of the 
manometer flask is V = 50 cm?,and the capillary radiusisr = ] mm. 
The pressure of water vapour at 20? is 17-5 mm Hg. 


71. What volume is occupied by a gram-molecule of ideal gas at 
a pressure of 3 atm and temperature T = 400°K? 


72. The density of air at 0? and 760 mm Hg is 0-001293 gcm^?. 
What is the weight of a litre of air at 27:3? and 750 mm Hg? 


73. An aerostat of volume V m? was filled with hydrogen at a 
temperature £} = 15°. Its temperature rose to t; = 37? due to solar 
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radiation at a fixed at mospheric pressure, and the excess gas escaped 
via an appendix, as a result of which the weight of the aerostat plus 
gas fell by Q = 6:05 kg. The specific weight of hydrogen is ôo 
= 0-000089 gcm-?. Find the volume V of the aerostat. 


74. The action of acid on a certain quantity of marble (CaCOj) 
produces V — 1320 cm? of carbon dioxide (CO;) at atemperature 
t, — 22? and pressure p = 1000 mm Hg. Find the mass Q of the 
marble entering into the reaction. The density of carbon dioxide at 0? 
and 760 mm Hg is ọọ = 0-001977 gcm^?. 


75. A factory chimney of height / = 50 m carries off smoke at a 
temperature /, — 60?. Find the static pressure p producing the 
draught in the chimney. The air temperature is tf, = — 10°. The 
specific weight of air is dọ = 1:29 x 107? gcm^?. 


76. In a mercury barometer with a regular cylindrical barometric 
tube, the distance from the mercury level in the cup to the soldered 
end of the tube is L mm. An air bubble appears in the tube at normal 
barometric pressure H and temperature ¢,, as a result of which the 
length of the mercury column diminishes and becomes equal to 
h, mm. Find an expression for the correction p, to be added to the 
barometer reading / in order to be able to use it at any temperature 
t and any height / of the mercury column. 


77. The pressure of the air contained in the closed elbow of a 
manometer of length / is equivalent to A mm of mercury column 
at a barometric pressure Ho and absolute temperature 75. What 
mercury column A, balances the pressure of this air at a barometric 
pressure H, and temperature 7? 


78. Nitrogen at T = 300°K is pumped into a thin-walled spher- 
ical bulb of weight P = 1 kg. Find the maximum amount of nitrogen 
which can be delivered to the vessel if the permissible stress in 
the walls is c = 50 kgmm-?. The specific weight of steel is d 
= 7:8 kgcm-?. 


79. Write the van der Waals equation for a gas containing 
y moles. 


80. Establish the connection between the pressure, temperature 
and volume of a gram-molecule at the critical point for a gas obey- 
ing the van der Waals equation. 
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81. Find the critical pressure and critical temperature for oxygen. 
The constants in the van der Waals equation for oxygen are 
= 1-30, b = 0-031 (volume in litres, pressure in atmospheres). 


82. The critical temperature of carbon dioxide (CO2) is 31°C, 
and the critical pressure 73 atm. Find the critical volume V,, of a 
gram-molecule of carbon dioxide. 


83. Find the constants of the van der Waals equation for nitro- 
gen, if te: for nitrogen is — 146? and p., = 33 atm. 


84. Taking the van der Waals constant for water as 5:47 
x 10° atmcm$ mol-?, find the internal pressure p of water. 


85. A.G.Stoletov (1892) first showed that, in order for a liquid 
contained in a given volume to be reducible to the critical state, a 
precise amount of it must be taken. Let us take the following ex- 
ample. A vessel whose volume is V, = 15 cm? is to be filled with 
water at £} = 18° in such a way that, when it is heated to the critical 
temperature (after first pumping out and sealing the vessel), the 
critical pressure is established in the vessel. On the assumption that 
water obeys the van der Waals equation of state, find the volume of 
water that must be poured into the vessel, given that the critical 
temperature of water is fer = 374°, the critical pressure is per 
= 205-5 atm, the molecular weight is  — 18, and the density at 
18° iso = 1 gcm^?. 


86. The van der Waals equation is not quite accurate for real 
gases. To obtain a better agreement with experiment, Clausius 
proposed the alternative empirical equation 


a 
ee ons 


where a, b and c are constants for the observed gas. Express the 
critical magnitudes in terms of these constants. 


87. Express the critical magnitudes in terms of the constants of 
the equation of state proposed by Berthelot for describing the be- 
haviour of real gases: 


a 
(2+ zc — b) = RT. 
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instant, enabling the gas to flow out of the vessel via a capillary 
of length / and diameter d. What time v is required for the pressure 
difference between the vessel and the outside to be halved? Regard 
the process as isothermal. 


95. Two vessels A and B containing air are connected by a 
capillary with a tap. Vessel A is immersed in a water bath at a tem- 
perature rt; = 100? and vessel B in a refrigerating mixture at 
tz = — 20°. The vessels were originally disconnected by closing the 
tap, and the air pressures in A and B were respectively p, — 400 mm 
and p; — 150 mm Hg. Find the pressure established after opening 
the tap, if the volume of A is V, = 250cm?, and of B is V, 
— 400 cm?. 


96. Show that the resultant of all the pressure forces of an ideal 
gas on the walls of a vertical closed cylindrical vessel containing the 
gas is equal to the weight of the gas, whatever the length of the 
cylinder, when and only when the gas density obeys the barometric 
formula 


-Æ 9x 
0 = 0o € or , 


where y is the molecular weight of the gas, R is the gas constant, 
T is the temperature (°K) and g is the acceleration due to gravity. 
The gas temperature is assumed the same throughout the cylinder, 
and the gas is in equilibrium. 


$4. FIRST AND SECOND LAWS OF THERMODYNAMICS 
AND THEIR APPLICATIONS 


97. What must be the speed of a lead bullet if it melts when strik- 
ing a steel slab? The temperature of the bullet is tg = 27°, its melt- 
ing-point is ;, = 327°, its heat of melting q = 5calg^!, and its 
specific heat c = 0:03 calg^! deg^!. 


98. Express in c.g.s. units the heat Q expended in heating a lead 
sphere of mass m = 100 g through (t; — to) = 10°. The specific 
heat of lead is c = 0-0307 calg-!deg-?. 


99. Two gram-molecules of nitrogen at temperature fp and pres- 
sure p atm are compressed isothermically to a pressure p, atm. 
Find the amount of heat Q released by the gas to the thermostat. 
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100. Find the amount of heat Q released on the isothermal com- 
pression of 7 g nitrogen from normal pressure p, = 1-033kgcm? 
to a pressure p, = 51:65 kgcm"?; the temperature of the nitrogen 
is 25*. 

101. In an apparatus designed for measuring the mechanical 
equivalent of heat, a mixer furnished with scoops rotates in a calori- 
meter filled with water. The friction ofthe water on the walls of the 
calorimeter produces a force which tends to rotate the calorimeter 
in the direction of rotation ofthe mixer. The calorimeter rotation is 
prevented by a load of weight P, attached to a string which wraps 
round a pulley and fastens to the calorimeter cover on a wheel of 
radius R. The moment of the load is constant in this device and has 
an opposite sign to the moment of the friction forces acting on the 
calorimeter walls from the liquid. When the mixer rotates the load 
neither rises nor falls. Find the mechanical equivalent E of heat, if 
the temperature rises by At when the mixer has performed N revo- 
lutions. The mass of the water in the calorimeter is M, and w is its 
water equivalent. 


102. Find the mechanical equivalent of heat, given that c, 
= 0:237 calg^! deg"! for air and y = c/c, = 1-41. The molecular 
weight of air is u = 28:84. 

103. A polytropic process is one which occurs with constant 
specific heat c. The curve representing a polytropic process is called 
a polytrope. Find the equation of the polytrope for an ideal gas, the 
specific heat c, of which is independent of the temperature. Con- 
sider the particular cases: (1) e = c,; (2) c = c,;(3)e = 0; (4) c = œ. 


104. (1) Does an ideal gas get hotter or colder when it expands 
according to the law pV? — const. (2) What is its molar specific 
heat during this process? 


105. Solve the previous problem for an ideal gas expanding in 
accordance with the law p?V = const. 


106. Helium is compressed in a polytropic process from an initial 
volume of 4 litres to a final volume of 1 litre. The pressure mean- 
time increases from 1 to 8atm. Find the heat capacity C of the total 
mass of helium if its initial temperature was 300?K. 


107. Calculate the molar specific heat of an ideal gas for a pro- 
cess in which the pressure p is proportional to the volume V. The 
specific heat c, of the gas is independent of the temperature. 
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108. An isotherm TT and adiabat SS are drawn through an 
arbitrary point A on the p, V diagram (Fig.2) for an ideal gas, the 
specific heat c, of which is independent of the temperature. Show 
that the polytrope passing through A and lying in the shaded region 
corresponds to a negative specific heat, and a polytrope in the un- 
shaded region to a positive specific heat. 


109. 97,000 cal are released when 12 g solid carbon burns to form 
carbon dioxide (CO;), and 68,000 cal released when 28 g carbon 
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monoxide (CO) are burned. What amount of heat would be released 
if 12 gcarbon were burned in such a way as to produce pure carbon 
monoxide? 


110. The combustion of hydrogen at 100° to form 1 mole of 
water vapour releases 58,000 cal. When 1 mole of steam at 100° is 
condensed, 9700 cal are released. Find the heat of formation of 
1 mole of liquid water from hydrogen and oxygen at the same 
temperature. 


111. Two thermally insulated vessels of volumes V, = 1 litre and 
V, = 3litres are connected by a pipe with a tap. Prior to opening the 
tap, the first vessel contains nitrogen at £ = 0? and pressure 
pi = 0-5 atm, and the second vessel argon at t; = 100° and pres- 
sure p; = l:5atm. Find the pressure and temperature established 
in the gas mixture when the tap is opened. 

112. A heater is switched on in a room for a certain time. The 
air temperature in the room rises from T, to T; , whilst the pressure 
remains the same and equal to the outside pressure. Regarding air 
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as an ideal gas, find the amount of heat that goes into increasing 
the internal energy of the air in the room. 


113. Find the equation of the ideal gas process in which the 
specific heat of the gas varies with the temperature according to the 
law c = «T, where « is a constant. 


114. What is the amount of heat Q consumed in heating 1 m? 
of air from 0? to 1? at constant volume and an initial pressure 
p — 760mm Hg? The density of air in normal conditions is 
Qo = 0:00129 gcm^?; c, = 0:237 calg^! deg !; y = c,[c, = 1-41. 


115. Solve the previous problem on the assumption that the air 
is heated from 91° to 92°, instead of from 0° to 1°. 


116. Show that Dalton's law for a mixture of gases having the 
same value of y = c,/c, and chemically inert to each other is a 
consequence of the law of conservation of energy. 


117. What is the amount of heat Q that must be communicated 
to 75 g steam in order to heat it from 100? to 250? at constant 
volume? 


118. A cylindrical vessel, closed at the top by a frictionless weight- 
less piston, contains 1 m? hydrogen at 0?. The atmospheric pres- 
sure is 730 mm Hg. What is the amount Q of heat that must be 
consumed to heat the hydrogen to 300?? 


119. Find the increase AU in the internal energy of helium when 
it expands isobarically from a volume of 5 litres to a volume of 
10 litres. The process occurs at a pressure of 2 kgcm-?. 


120. A mass m — 4:032g hydrogen is mixed with m, — 32g 
oxygen. Their specific heats are c, = 3:50 calg deg! and c,, 
= 0-218 calg-! deg, respectively. Find the decrease in the internal 
energy AU of the mixture on cooling it through ¢ = 20? at constant 
volume. For both gases, y = 1:40. 


121. A volume V, at a temperature ¢ = 0° contains m gram- 
molecules hydrogen and 4m gram-molecules oxygen. What is the 
maximum steam pressure p, obtained when the mixture is exploded, 
ifthe molar specific heat of steam is c, and the gram-molecular heat 
of formation of water from oxygen and hydrogen is C? 


122. A closed vessel contains 1 mole (18 g) water at 0°. How 
much heat is required to raise the temperature of the system to 
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100? and at the same time convert all the water to saturated steam? 
The latent heat of vaporisation of water at 100? and constant pres- 
sure is 539 calg-!. Neglect the vapour pressure of saturated steam 
at 0° and the heat capacity of the walls of the vessel. Neglect also 
the volume of the water compared with the volume of the saturated 
steam. 


123. Starting from the first law of thermodynamics, find c, — c, 
for any physically homogeneous isotropic medium. 


124. Show that the adiabatic and isothermal compressibilities of 
a physically homogeneous isotropic medium are connected by 


TE REA 
VXOp/a y VNOp/r 
where y = c,/c,. Show that this relationship is a consequence of 


the first law of thermodynamics and the functional relationship 
between p, V and T (equation of state) only. 


125. On the assumption that the propagation of sound in air 
is an isothermal process, Newton obtained the following formula 


for the speed of sound: E 
s= J2, 
e 


where p is the pressure and ọ the density of the air. The values 
obtained for v from this formula were too small. Laplace regarded 
the process of propagation as adiabatic, and obtained a formula 
in agreement with experiment, namely 


o= fre, 
e 


where y = c,/cy. Explain qualitatively why the speed of sound 
from Laplace's viewpoint is greater than from Newton's. The air 
is heated at points of compression, with the result that its elasticity 
is increased as compared with what it would be if the same com- 
pression were isothermal. Similarly, at points of rarefaction the air 
is cooled, and its elasticity correspondingly diminished. It would 
appear that the effect of the heating at points of compression would 
compensate the effect of cooling at points of rarefaction, in which 
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case the speeds of sound would be the same for isothermal and 
adiabatic processes. 


126. Show that the speed of sound in an ideal gas is a function 
of temperature only. 


127. The speed of sound in air at 0° is 332 msec—!. Find the 
speed of sound in hydrogen at the same temperature. The molec- 
ular weight of air is M = 28:8. 


128. Given the speed of sound in hydrogen (see the previous 
problem), find the speed of sound in helium at 0°. 

Hint. Use the fact that hydrogen is a diatomic gas, and helium 
monatomic. 


129. Find y = c,/c,, if the speed of sound in air at 0° and normal 
pressure H = 76 cm Hg is v = 332 msec^! and the density of air 
is o = 0-001292 gcm-3. 

130. Find the ratio of the speeds of propagation of sound in 
hydrogen (v) and in carbon dioxide (v,) at the same temperature. 
For the first, y = c,/c, = 1-4, for the second y, = c/c, = 1:3. The 
density of hydrogen is o = 0-0000899 gcm-?, of carbon dioxide 
0, = 0:001977 gcm^? (in normal conditions). 


131. What is the ratio y = c/c, for argon, if Q = 254 cal are 
required to heat m = 1 kg of it through (t, — to) = 2? at constant 
pressure H = 760 mm Hg, and Q = 486 cal heat are released on 
cooling argon from t; = 100? to £ = 0° at constant volume V= 51. 
The initial pressure of the cooling argon is H, = 10 atm. 


132. Forargon, y = c,/c, = 1-7. Find the pressure after adiabatic 
expansion of this gas from a volume V, = 11 to V; = 21, if the 
initial pressure is p, = | atm. 


133. The following method is sometimes used for finding 
y = cylc,. A definite amount of gas, the initial temperature, volume 
and pressure of which are to, Vo and po respectively, is heated by a 
platinum wire, through which an electrical current passes for a 
definite time: firstly at constant volume, so that the gas reaches a 
temperature ¢, and a pressure p, (volume Vj), then secondly at 
constant pressure, so that the temperature becomes ¢, and the 
volume V, (pressure po). Show that 


y= (Pi — Po)Vo 
(V, — Vo)po 
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134. In the Clément-Desormes method for determining c/c, 
(Fig.3), gas is pumped via the tube B into the vessel A so that the 
pressure p, in it is somewhat above atmospheric. The tap C is then 
suddenly opened. The gas expands adiabatically to atmospheric 
pressure po. After a certain time, when the gas in the vessel again 
takes room temperature, its pressure becomes p2. Find an ex- 
pression for y = c,/c, on the basis of these data. 
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135. The ratio ofthe specific heats c, and c, ofa gas can be found 
by measuring the period T, of small vibrations of the mercury in 
a glass U-tube with open ends. Two identical large hollow glass 
spheres containing the gas are then mounted in the two arms of the 
U-tube, as a result of which the period of vibration changes and 
becomes T3. Regarding the process of compression and rarefaction 
ofthe gas in the spheres as adiabatic, deduce a formula for y=c,/c,. 
The volume of each sphere is V cm?, the gas pressure in them in the 
state of rest is / cm Hg, and the cross-sectional area of the tube is 
S cm?, The volume of the unfilled part of the tube can be neglected 
by comparison with V. 


136. A device occasionally used for obtaining gases at very high 
temperatures and pressures consists of a cylinder barrel closed at 
one end and a piston bullet which enters the barrel at the open end. 
If the bullet and barrel are provided with a good finish the escape 
of gas through the gap between them can be made small. Due to 
the very high temperatures, the strongly compressed gases can bc 
regarded as idealin these conditions. Estimate the upper limit ofthe 
temperature T, the pressure p and the density o of argon, subjected 
to compression in this device, if a bullet of mass m = 100 g enters 
the barrel, which has a volume V = 200 cm?, with initial velocity 
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= 250 msec-!. The initial temperature and pressure are To 
= 300°K and p, = | atm respectively. 


137. If the air of the atmosphere be in stable mechanical equi- 
librium, what is the maximum value of its temperature gradient? 
Neglect the effect of humidity. The absolute temperature of the air 
at the Earth's surface can be taken as T = 273°K. 


138. Find the variation of atmospheric pressure with height on 
the assumption that the air temperature falls uniformly with the 
height, so that the temperature gradient is constant and equal to 
— a. Also find the air pressure as a function of the temperature. 
Hence obtain formulae for the limiting case of an isothermal at- 
mosphere (a = 0). 


139. What would be the height of the Earth’s atmosphere if its 
temperature gradient were constant and equal to — a? Calculate 
this height for the particular case of adiabatic stratification of the 
atmosphere, assuming that the air temperature at the Earth’s sur- 
face is Ty = 273°K. 


140. The specific heat of cobalt is c, = 0:104 cal g~t degt, and 
of gold c; = 0:0312 calg^! deg^!. Find their atomic specific heats. 


141. Find the efficiency of the cycle consisting of two isotherms 
and two isobars, assuming that the operative substance is an ideal 
gas. 


142. Find the efficiency of the ideal gas cycle consisting of two 
isotherms at temperatures T, and T, and two isochores with volumes 
Vi and V, (T, > Tz; V, > V). 


143. Show by direct calculation that the efficiency of the Carnot 
cycle performed with a gas which is thermally ideal but calorifically 
non-ideal is given by 
Ti =3 T; 


To T, 


Note. A gas is thermally ideal if it obeys the perfect gas law. A 
thermally ideal gas is calorifically non-ideal if its specific heat is in- 
dependent of the volume but depends on the temperature. 


144. Give an example of a process in which all the heat borrowed 
from the heat reservoir is converted into work. 
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145. The idea of dynamical heating, devised in 1852 by W. Thom- 
son (Lord Kelvin), is as follows. Fuel is burned in the furnace of a 
heat engine, which operates a refrigerating machine. The refrigerat- 
ing machine takes its heat from a natural water reservoir (say from 
subsoil water) and deliversit to the heating system. Simultaneously 
the water in the heating system is used to cool the heat engine. Find 
the theoretical amount of heat (i.e. discounting losses) which the 
heated location obtains from burning 1 kg coal, using the following 
data: the calorific value of coal is q = 8000 calkg~!, the tempera- 
ture in the steam engine boiler is £41 = 210°; the temperature of the 
water in the heating system is t, = 60°; the temperature of the sub- 
soil water is /4 = 15°. 


146. Show by considering an infinitesimal Carnot cycle and using 
Carnot’s theorem that the internal energy and specific heat of a 
physically homogeneous and isotropic body satisfy 


A 2 
9UY _7(P - p; 965 a r( 22. Y. 
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Using these equations and the equations of state for an ideal gas, 
show that the internal energy and specific heat of an ideal gas 
depend only on the temperature, and not on the volume occupied 
by a given mass of the gas. 











147. Prove that the specific heat c, of a gas subject to the van der 
Waals equation is independent of the volume, and is a function of 
temperature only. Find an expression for the internal energy of a 
van der Waals gas, the specific heat of which is independent of the 
temperature. 

Hint. See the previous problem. 


148. Calculate the internal energy of a van der Waals gas, as the 
heat communicated to the gas when heated at constant volume, 
minus the work done by the gas on isothermal expansion. It must 
be borne in mind here that when a gas expands isothermally it does 
work against the internal pressure as well as external work. What is 
the defect of this method compared with the thermodynamic method 
of the previous problem? 


149. One gram-molecule of nitrogen expands in vacuo from an 
nitial volume of 1 litre to a final volume of 10 litres. Find the tem- 
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perature drop AT in this process, if the constant a in the van der 
Waals equation for nitrogen is 1:35 x 10° atncm$ mol-?. 


150. Two vessels with volumes V, and V, are connected by a 
tube with a tap. The tap is closed and each vessel contains 1 mole 
of the same gas, which obeys the van der Waals equation. Before 
the tap is opened the temperature is the same (T) in both vessels. 
Does the gas get hotter or colder on opening the tap? Find the 
pressure after opening the tap. Regard the walls of the vessels and 
the connecting tube as adiabatic, and the specific heat c, as in- 
dependent of the temperature. 


151. Two bulbs with volumes V, = V, = V = 1 litreare connected 
by a pipe with a tap. The first bulb (volume V,) contains air at at- 
mospheric pressure, and the second is pumped out to ideal vacuum. 
Assuming that air obeys the van der Waals equation, and that the 
bulb walls and pipe are adiabatic, find the change in the gas tem- 
perature on opening the tap. The initial temperature is T = 290°K, 
and for air, a = 1:35 x 1065 atmcm$ mol-?. 


152. Nitrogen at the critical temperature — 147? has a critical 
volume of 0-121. mol`. Assuming that nitrogen obeys the van der 
Waals equation, find the temperature drop of 7 g nitrogen on ex- 
panding in vacuo from a volume of 5 litres to a volume of 50 litres. 


153. How much heat must be applied to one mole of a van der 
Waals gas in order for its temperature to remain unchanged when 
it expands in vacuo from a volume V, to a volume V;? 


154. How much heat must be supplied to one mole of a van der 
Waals gas in order for its pressure to remain constant and equal 
to p when it expands in vacuo from a volume V, to a volume V;? 


155. Find an expression for the heat of vaporisation of 1 mole 
of liquid at constant temperature T at the pressure of its saturated 
vapour, on the assumption that the equation of state of the liquid 
and its vapour is the van der Waals equation. Assume that the 
temperature T and the molar volumes V, of the liquid and V, of its 
saturated vapour at this temperature are known. 


156. Given the equation of state of a physically homogeneous 
and isotropic substance, find the difference c, — c, between its 
specific heats. 


157. Find c, — c, for a van der Waals gas. 
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158. The specific heat of mercury at standard atmospheric pres- 
sure pg and temperature T = 273°K is c, = 0:0333 calg-!deg-!. 
Find its specific heat at constant volume c, and the ratio y = c,/c,, 
if the coefficient æ of thermal expansion and the isothermal coeffi- 
cient f of compression of mercury are 


RAE 1:81 x 1074 deg^!, 
v NOT /, 


= -+(¥) = 3:9 x 10-5atm-!. 
v \Op/r 


The density of mercury is o = 13:6gcm-?. What part of the differ- 
ence c, — c, goes into the production of external work A and what 
part into increasing the internal energy of the mercury? 


159. It is shown in thermodynamics that the necessary condi- 
tions for stability of a physically homogeneous and isotropic sub- 
stance are: (1) (ôp/ôV)r < 0; (2) c, > 0. Use this to show that 
€, > Cy, and thus c, > 0. 


160. The external pressure acting on water is increased whilst 
at the same time heat is supplied or removed in such a way that the 
volume of water remains unchanged. Does the water get hotter or 
colder, if its initial temperature is (1) below 4°, (2) above 4°? 


161. Experiment shows that a rubber strap elongates on cooling 
(if its tension remains constant). Using this fact, showthatthestrap 
heats up if it is stretched adiabatically. 


162. The enthalpy of a physically homogeneous and isotropic 
material is the state function defined by H = U + pV. By con- 
sidering an infinitesimal Carnot cycle and applying Carnot's the- 
orem to it, show that the enthalpy H and specific heat c, satisfy 


2 
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163. By using the result of the previous problem, obtain an ex- 
pression for the differential Joule- Thomson effect, i.e. for the case 


when the gas pressures differ only infinitesimally on either side of 
the “plug” in the Joule-Thomson experiment. 
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164. Obtain the formula for the differential Joule- Thomson effect 
for a van der Waals gas, neglecting squares and higher powers of 
the van der Waals constants a and b. Show that the gas will cool at 
sufficiently low temperatures. 


165. Show that a gas which obeys the van der Waals equation 
with a = 0 always heats up in the Joule-Thomson experiment. 
Find the temperature rise on expansion. 


166. Show that a gas which obeys the van der Waals equation 
with b = 0 always cools down in the Joule-Thomson experiment. 
Find the temperature drop on expansion. 


167. Find the connection between the critical temperature T, and 
the inversion temperature T, of the Joule-Thomson effect for a 
substance which is subject to the van der Waals equation of state. 


168. At what temperature T will helium start to cool in the Joule- 
Thomson experiment, given that the critical temperature of helium 
is T, = 5:3?K? Assume that the state of helium is described by a 
van der Waals equation. 


169. The values of the van der Waals constants are given below 
for nitrogen, hydrogen and helium. 


a, atm cm® mol? b, cm? mol`! 
Nitrogen 1.35 x 106 39.6 
Hydrogen 0-191 21-8 
Helium 0.033 23.4 


Use these data to find the inversion points T, of the differential 
Joule-Thomson effect for these gases. Find also the temperature 
change AT in the Joule-Thomson experiment if T = 300°K and 
the pressure drop is Ap = 0-1 atm. 


170. The gases in the previous problem are strongly compressed 
in the initial state to molar volumes V = 100 cm? then are ex- 
panded to atmospheric pressure in the Joule-Thomson process. 
Assuming that the gases obey the van der Waals equation, find the 
temperature change AT = T’ — T in this process. 

Note. The formula for the differential Joule-Thomson effect can- 
not be used when the compression is so strong. The gases can be 
regarded as ideal at atmospheric pressure. 
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171. The gas expansion in the Joule-Thomson process is carried 
out from an initial state T, V to a highly rarefied state in which the 
gas can be regarded as ideal. If the initialstate is represented on a T, 
V diagram, a curve can be drawn on it which lies in two regions of 
the T, V plane: points of one region correspond to AT < 0 (the gas 
cools), and of the other to AT > 0 (the gas heats up). Find the 
equation of this curve and draw the curves for nitrogen, hydrogen 
and helium, on the assumption that these gases obey the van der 
Waals equation. 


172. By considering the Carnot cycle for a system consisting of 
a liquid and its saturated vapour, and applying Carnot's theorem 
to it, express the derivative of the saturated vapour pressure with 
respect to temperature (dp/dT) in terms of the specific volumes v,, v, 
of the vapour and liquid and the heat of vaporisation, q. 


173. Find the pressure of saturated steam at 101?. Regard the 
steam as an ideal gas. 


174. A closed vessel with volume V, = Slitres contains 1kg water 
at tf = 100°. The space above the water is occupied by saturated 
steam (the air is evacuated). Find the increase Am in the mass of the 
saturated steam when the temperature of the system increases by 
AT = 1°. The heat of vaporisation q = 539 calg-!. 

Hint. Regard the steam as an ideal gas. Neglect the specific vol- 
ume of the water compared with the specific volume of the steam. 


175. At 0° the water vapour pressure over ice is p, = 4-58mmHg. 
The heat of melting of ice at 0° is q, = 80calg-!. The heat of 
vaporisation of water at 0° is q = 596 calg-!. Find the water 
vapour pressure over ice at £ = — 1°. 


176. Find the molar specific heat c of saturated vapour, expand- 
ing (or contracting) in such a way that it remains saturated through- 
out the process. Neglect the specific volume of the liquid compared 
with the specific volume of its saturated vapour. Assume that the 
vapour behaves like an ideal gas. 


177. Solve the previous problem without using the assumption 
that water vapour behaves like an ideal gas. Express the result in 
terms of the specific heat of vaporisation q, its derivative with 
respect to temperature dq/dT and the molar specific heat c, of the 
liquid. 
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178. Saturated water vapour at T = 300°K is subjected to adia- 
batic compression and adiabatic expansion. In which of these pro- 
cesses does the vapour become unsaturated, and in which super- 
saturated? 


179. Three phases 1,2and 3areinequilibrium with one another at 
the triple point (Fig.4). Their specific volumes at this point are v,, 


v2, va respectively. Let py2 = piz(T), P23 = Pas(T), P31 = Pai(T) 
be the equations of the curves of equilibrium between phases 1 





Fic. 4 


and 2, 2 and 3, and 3 and 1. Show that the relationship 


dp; dp23 
— + poop 
dT (v; 3) dT 





d 
(v, — v2) + (Bs — 0) TP =0 


holds at the triple point. 


180. Find approximately the pressure and temperature (on the 
centrigrade scale) at the triple point of water, using the following 
data: the pressure of the saturated vapour over liquid water is: 


att=¢t, =0°, p, = 4:579 mm Hg, 
att=t,=1°, p; = 4926 mm Hg. 
The specific volume of ice at 0? and standard atmospheric pressure 
(po = 760 mm Hg) is v, = 1:091 cm?g^!, the specific volume of 


water under the same conditions is v; = 1 cm?g^!. The heat of 
melting of ice is q = 80 calg-!. 


181. A phase transition occurs at a certain temperature O, as a 
result of which a cubical crystal lattice becomes tetragonal with 
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axes a and c > a. Describe qualitatively how the ratio c/a behaves 
when the temperature T varies in the case of phase transitions of 
the first and second kinds. 


182. In the case of phase transitions of the second kind (which 
include, e.g., passage from the paramagnetic to the ferromagnetic 
state in iron and other ferromagnetic materials), there is no jump 
either in volume or entropy, i.e. AS = 0 and AV = 0. Show that, 
in a phase transition of the second kind, the jumps in the various 
magnitudes (indicated by A) satisfy the Ehrenfest relationships 


a(=) RA) zc 22 - AU) 50) 
ar), aT Vóp]i T "up NOP), 


Op dV ,( Op 4c, dV ,[0p 
SA go sue uper ec qm i e 
(gr), * um 4v), 7 a 


where the derivatives dp/dT and dV/dT are taken along the transi- 
tion curves, on which there is one additional relationship, apart 
from the equation of state, between p, V, T. 


183. A piece of ice is placed in an adiabatic envelope at 0? and 
atmospheric pressure. What fraction 4m/m of the ice melts, if the 
ice is subjected to an all-round compression to p = 100 atm, and 
what is the change in temperature of the system? The change in 
volume of the ice on compression can be neglected. The specific 
volumes of water and ice are: v, = 1 cm?g-!, v, = 1-11 cm?g-!. 
The heat of melting of ice is q = 80calg-!. The specific heats of 
ice and water are connected by c, = 0-6 cy. 


184. The Russian physicist M.P. Avenarius showed that the heat 
of vaporisation is zero at the critical temperature. Verify this by 
using the Clausius-Clapeyron equation. 


185. Find the specific volume of water vapour v, at 100? and 
standard pressure, if the boiling point of water is known to be 
99-]? at a pressure of 735-5 mm Hg. The latent heat of vaporisation 
at 100? is q = 539 calg-!. 


186. Two bodies A and B, heated to different temperatures, are 
located in a rigid adiabatic envelope and are placed in thermal 
contact with one another. As a result, heat is transferred from the 
hotter to the cooler body until their temperatures are the same. 
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Show that the entropy of the system A + B is increased in this 
process. 


187. Temperature and entropy can be taken as the fundamental 
variables characterising the state of a body. Draw a graph of the 
Carnot cycle, taking entropy on the axis of abscissae, and tem- 
perature on the axis of ordinates. Use this graph to calculate the 
efficiency of the cycle. 


188. Find the entropy change AS of a substance on heating, if 
its specific heat c is constant and the volumetric expansion co- 
efficient is zero. 


189. Find the entropy change AS of 30 g ice when it becomes 
vapour, if the initial temperature of the ice is — 40? and the tem- 
perature of the vapour is 100°. Regard the specific heats of water 
andice as constant, and all the processes as occurring at atmospheric 
pressure. The specific heat of ice is c = 0:5 calg-!deg-!. 


190. Find the total entropy change AS (water plus iron) when 
100g iron, heated to 300°, is submerged in water at 15°. The 
specific heat of iron is 0-11 calg^!deg"!. 


191. Find theentropyrise 4S of an ideal gas of mass M occupying 
a volume V, when it expands in vacuo to a volume V, (Gay- 
Lussac process). 


192. Calculate the change in internal energy and entropy of 1 
mole of ideal gas when it expands along the polytrope pV* = const. 
from a volume V, to V,. Consider the particular cases of iso- 
thermal and adiabatic processes. 


193. Calculate the change in internal energy and entropy of 1 
mole of an ideal monatomic gas and the quantity of heat absorbed 
when the gas expands along the polytrope pV? — const. from the 
volume V, = llat pressure p, = 20 atm to the volume V; = 31. The 
temperature during the process is such that we can take c, = 3R/2 
for the molar specific heat. 


194. In a polytropic process the pressure and volume of a de- 
finite mass of oxygen change from p, = 4atm and V, = 1 litre to 
pa = 1 atm and V, = 2litres. The temperature at the start of the 
process is 7, = 500°K. How much heat is obtained by the oxygen 
from the surrounding medium? What are the changes in the entropy 
and internal energy of the gas? 


PROBLEMS 35 


195. Find the entropy change AS of 5 g hydrogen, isothermally 
expanded from a volume of 10 to 25 litres. 


196. Two vessels ofthe same volume contain different ideal gases. 
The mass of gas in the first vessel is M,, in the second M;, whilst 
the pressure and temperatures of the gases are the same. The vessels 
are connected to one another, and a diffusion process commences. 
Find the total change AS in the entropy of the system, ifthe molec- 
ular weight of the first gas is x, and of the second x3. 


197. Two vessels each of volume V = 1 litre are connected by a 
pipe with a tap. One vessel contains hydrogen at f, = 20? and 
pressure 1 atm, and the other helium at ft. = 100° and pressure 
3 atm. Find the entropy change AS of the system after the tap is 
opened and equilibrium is reached. The walls of the vessels and 
pipe ensure complete thermal insulation of the gases from the 
surrounding medium. 


198. A heat insulated cylindric vessel is separated into two parts 
by a piston of negligibly small mass. One side of the piston is 
occupied by an ideal gas of mass M , molecular weight u and molar 
specific heats c, and c,, which are temperature-independent, whilst 
the other side is occupied by a high vacuum. The initial temperature 
and pressure of the gas are Tọ and po. The piston is released and 
moves freely, so that the gas can occupy the whole of the volume of 
the cylinder. The piston pressure is then gradually increased, so 
that the gas volume slowly returns to its initial value. Find the 
changes in the internal energy and entropy of the gas during the 
process. 

199. Find an expression for the entropy of a mole of van der 
Waals’ gas, the specific heat c, of which is independent of tem- 
perature. Obtain the equation of the adiabat for such a gas. 


200. Find the equation of the polytrope for a van der Waals gas, 
the specific heat c, of which is independent of the temperature, 
whilst the heat capacity of the polytropic process is c. 


201. Find the specific entropy s of a non-homogeneous system, 
consisting of liquid and its saturated vapour. Regard the specific 
heat of the liquid as temperature-independent. 


202. A gas flows adiabatically from a vessel via a small orifice. 
The gas temperature in the vessel is T4, its pressure p, , the external 
pressure pz. Find an expression for the speed of the escaping gas 
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jet. Calculate this speed for carbon dioxide (CO;), on the assump- 
tion that T, = 300?K, p, = 10 atm, p; = latm; y for carbon di- 
oxide is 1-30, the specific heat c, = 0-202 calg^! deg. 

203. Air is compressed in a large flask at a temperature To 
= 273°K and flows into the atmosphere via a pipe, at the end of 
which it has a speed v = 400 msec^!. Find the temperature T of the 
escaping air at the end of the pipe, and the air pressure po in the 
flask. Regard the escape of the gas as adiabatic. 


204. Find the maximum speed attainable by a gas when it 
escapes adiabatically from a flask, if the absolute temperature of 
the gas in the flask is T. 


205. Suppose that the temperature of combustion of the chemical 
fuel for a rocket motor is T — 3000?K, that the average molecular 
weight of the products of combustion is u = 30 and that the flow 
of the products of combustion occurs adiabatically into a vacuum. 
Find the difference between the starting mass Mo of the rocket and 
its final weight M if the rocket is capable of achieving a velocity 
v = 8 kmsec^!. The molar specific heat c, of the products of com- 
bustion can be taken as 8 calmol^! deg*! as a guide. Neglect the 
force of gravity and air friction when calculating the speed of the 
rocket. 

206. The following expressions are derived in statistical physics 
for the fluctuations of the specific volume and specific entropy of 
liquids and gases: 

Ap? = -er (2) ; As? =ke,; Apás = 0, 
ôV js 
where c, is the specific heat, and k Boltzmann's constant. Use these 
expressions to find the ratio of the intensities of the undisplaced 
component Te to the sum of the intensities of the two shifted com- 
ponents 7,54 + 15,459 When light is scattered in liquids. 


§ 5. PROPERTIES OF LIQUIDS. SURFACE TENSION. 
SOLUTIONS 


207. Find the density 6 of sea water at a depth of 5 km, if the 
density at the surface of the ocean is 69 = 1:03 g cm~?, and the 
compressibility of water within the pressure limits 1-500 atm is 
equal to B = 47:5 x 10-9 atm-!. 
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208. The viscosity of water was found by measuring the amount 
of water flowing from a capillary of length / = 10cm and dia- 
meter d = 1 mm under the action of the pressure difference pro- 
duced by a column of water 50cm high. V — 217 cm? water 
flowed out in a time t = 3 min. Find the viscosity 7 of water. 


209. Find the coefficient c of surface tension of a liquid if it 
rises to a height h = 32:6 mm in a capillary of diameter D = 1 mm. 
The density of the liquid is ô = 1 gcm^?. The edge angle of the 
meniscus is zero. 


210. The surface tension of a liquid can be determined by weigh- 
ing a drop when it breaks from a capillary and measuring the neck 
ofthe drop at the instant of breaking off. It is found that 318 drops 
weigh 5 g, and d — 0:7 mm. Find the surface tension. 


211. A vertical glass capillary is attached to one arm of a balance 
and kept in equilibrium by weights on the other arm. What 
happens to the balance if a vessel containing water is carefully 
brought up below the capillary so that its end touches the water 
surface? 


212. What is the difference in the levels of a liquid in two com- 
municating capillaries of diameters d; and d,? The surface tension 
of the liquid is c. The edge angles of the menisci are zero. The 
density of the liquid is o. 


213. By considering the Carnot cycle for a plate of liquid on the 
assumption that the temperatures of the heater and cooler are in- 
finitesimally different, and applying the Carnot theorem to this 
cycle, find the derivative of the surface tension o with respect to the 
temperature T. 


214. What is the change in the level difference h, — hz of water 
in two communicating capillaries of diameters dj = 0:1 mm and 
d, = 0:3 mm on heating from 20° to 70°, if the surface tension of 
water at these respective temperatures are 73 and 64 dynecm"!. 


215. What is the capillary pressure p in a mercury droplet of 
diameter d = 1 u at 15°, if the surface tension of mercury at this 
temperature is o = 487 dynecm-!? 


216. What is the extra pressure p inside a soap bubble of dia- 
meter d = 0-8 cm if the surface tension of the soap solution is 
o = 40 dynecm^!? 
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217. There is a crack of width a = 0:02 mm in the bottom of a 
vessel. To what height 4 can the vessel be filled with mercury before 
any flows out through the crack? The density of mercury is o 
= 13:6 gcm-!. The surface tension (at 15°) is c = 487 dynecm^!. 


218. Gas bubbles of diameter d, — 0-05 mm separate at the 
bottom of a pond of depth h = 2 m. What will be the diameter d; 
of the bubbles when they rise to the surface? o = 73 dynecm"!. 


219. A vertically mounted glass capillary of length / and radius r 
is closed at the top. To what height // does water rise in the ca- 
pillary when its lower end is brought into contact with the surface 
of water? 


220. What is the increase AT of the temperature inside a soap 
bubble over the temperature T of the surrounding air if the bubble 
starts to rise? The bubble radius is r, the surface tension of the 
soap film is o. The mass of the film can be neglected. Assume that 
the air pressure inside the bubble is only slightly different from 
atmospheric pressure p. 


221. A soap bubble of radius r, filled with air, is contained in 
a cylinder with a movable piston. The air pressure outside the 
bubble is at first equal to the atmospheric pressure po. On moving 
the piston slowly the bubble is compressed until its radius is halved. 
Find the pressure of the outer air in the cylinder at this instant. 


222. To what height h does the water rise between two vertical 
glass plates partially submerged in water, if the distance between 
them is d = 0:5 mm? For water, o = 73 dynecm^!. The edge 
angle 2 can be taken as zero in this case. 


223. Two vertical glass plates, partially submerged in liquid, to- 
gether form a wedge with a very small angle «. Find the height h 
to which the liquid rises as a function of the distance x from the rib 
of the wedge. 


224. A drop of water of mass m = 0-1 g is introduced between 
two plane parallel glass plates, wetted with water, the edge angle 
being zero. What is the force F of attraction between the plates if 
they are spaced d = 107* cm apart. The surface tension of water 
(at 18°) iso = 73 dynecm-!. 


225. One gram of mercury is placed between two plane glass plates. 
What force F must be applied to the upper plate in order for the 
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mercury to take the shape of a circular lozenge of uniform thick- 
ness and radius R — 5cm. The surface tension of mercury (at 
15°) iso. = 487 dynecm-!, and the edge angle between the mercury 
and the glass is ® = 40°. 


226. What is the force F of attraction between two vertical and 
parallel glass plates, partially submerged in water and such that their 
distance apart is d = 0-1 mm? The width of the platesis/ = 15 cm; 
t = 73 dynecm^!; # = 0. The height of the plates is such that the 
water does not reach their upper edges. 


227. An infinitely long rectangular plate lies on the surface of a 
liquid wetting it, thenis gently raised so that a certain amount of 
liquid is drawn up with it (Fig. 5). Find the equation of the lateral 
surface of the liquid, resulting from the action of capillary and 
gravity forces. 

Hint. Take as the x axis a straight line perpendicular to the long 
side of the plate and lying on the horizontal surface of the liquid, 





and as the y axis a vertical line touching the lateral cylindrical 
surface of the liquid. Express the coordinates x and y of a point of 
the required surface in terms of the angle g formed by the tangent 
plane to this surface with a horizontal plane. 


228. Find the maximum height A to which the plate of the previous 
problem can be raised above the liquid surface and the thickness D 
of the corresponding liquid column at its narrowest part MN 
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(Fig. 5). Find also the force F which must be applied per unit length 
ofthe plate in order to remove the latter from the liquid. The weight 
per unit length of the plate is q, its width is a. 


229. An infinitely long rectangular plate of width a is placed on 
the surface of a non-wetting liquid of surface tension ø. The density 
of the plate material oo is greater than the density ọ of the liquid. 
Find the maximum plate thickness A that can be taken without the 
plate sinking. 


230. Find the force F needed for removing a circular weightless 
plate of radius r = 8 cm which is placed on the surface of water. 
The surface tension is o = 73 dynecm—?. The plate is wetted by 
the water. 


231. Find the height / to which liquid rises against an infinite 
vertical plate, wetted by the liquid. The edge angle is @. 
Hint. See the solution to Problem 227, page 144. 


232. A steel needle (preferably first covered by a thin layer of 
graphite) can float on the surface of water (Fig. 6). Find the radius r 





of the needle, the width D — MN of the gap between the side sur- 
faces of the water at the narrowest point, and the depth H of sub- 
mersion for different values of the angle Ó between the commonn 
tangent to the needle surface and the water and the horizontal 
plane. The density of steel is oy = 7:8 gcm^?, the surface tension of 
water is o = 73 dynecm—!. Find the maximum possible radius 
before the needle sinks. Find the maximum depth of submersion 
corresponding to this radius. For purposes of calculation, regard 
the needle as an infinitely long cylinder. 
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233. Find the direction of the forces acting on two vertical parallel 
plates partially submerged in liquid in the following cases: (1) both 
plates are wetted by the liquid, (2) neither of the plates are wetted 
by the liquid, (3) one plate is wetted and the other not. 


234. Find the surface tension o of the liquid if a loop of rubber 
band of length / and cross-section S placed on a film of the liquid 
dilates to a circle of radius R after the film has been punctured 
inside the loop. Assume that Hooke’s law holds for small ex- 
tensions of the rubber and that Young’s modulus for rubber is E. 


235. If a soap film of thickness / = 0-001 mm is at the melting- 
point of ice, find the temperature drop of the film when it is 
stretched adiabatically in such a way that its area is doubled. The 
density of the soap solution is o = 1 gcm^?, the specific heat 
c = | calg-!deg-!. The surface tension of the soap solution falls 
by 0-15 dynecm^! when the temperature rises 1°. 


236. A soap bubble is blown out through a cylindrical pipe with 
internal radius r = 1 mm and length / = 10cm. At the instant 
when the bubble radius reaches the value Rọ = 10 cm, the blowing 
stops, and the air from the bubble starts to flow out through the 
pipe. Starting from this instant, how long does it take for the bubble 
to disappear? The surface tension of the soap solution is o 
= 50 dynecm-', the coefficient of viscosity of air is 7 = 1-8 x 
x 107^ gsec-! cm7! . Neglect any change in the air density during 
the process. 


237. A circular hole of radius a = 1 mm is made in the wall of a 
spherical soap bubble (it can be made, for instance, by placing a 
loop of thread on the bubble and then pricking the wall inside the 
loop). Find the time taken for all the air to leave the bubble if its 
initial radius rg = 10 cm. The air temperature inside and outside 
the bubble is £ = 20°. The surface tension of the soap solution at 
this temperature is ø = 50 dynecm-!. The atmospheric pressure 
p = 760 mmHg. The mean molecular weight of air can be taken 
as u = 29. Regard the air as an ideal incompressible fluid during 
its flow through the hole. 


238. A drop of incompressible fluid performs pulsational 
vibrations, becoming in turn lengthened, spherical, flattened, 
spherical, lengthened again and so on. How does the period T of 
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these vibrations depend on the density o, the surface tension o 
and the radius r of the drop? 


239. A jet of liquid flows through a horizontal pipe in the side 
wall of a vessel (Fig. 7). The pipe is of elliptic cross-section, with 
the major axis horizontal. The jet has the shape of a chain, the 
links of which are in turncompressedthen flattened in the horizontal 
direction. Explain this phenomenon. How does the length / of the 
link in the initial part of the jet depend on the density o, the surface 
tension o, the distance h from the base of the pipe to the level ofthe 
liquid and the acceleration g due to gravity, if the pipecross-section 
remains fixed? 
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240. A beaker is filled with water to a height of 10 cm. Capillary 
tubes, closed at one end and filled with air, lie at the bottom. When 
the water boils, vapour bubbles form at the open ends of the 
capillaries, the diameter of the bubbles at the instant when they 
break off being 0-2 mm. What is the temperature at the bottom of 
the vessel whilst boiling occurs, if the atmospheric pressure is 
760 mm Hg? The surface tension of boiling water is 57 dynecm-!, 
and the pressure of water vapour close to 100? increases by 2-7 cm 
Hg for a temperature rise of 1?. 


241. Find the shape of a soap film, the edge of which is fixed 
to two identical rings of radius R, spaced a distance 2h apart. The 
centres of the rings lie on a straight line perpendicular to their 
planes. The planes of the rings are not closed by films. 


242. A cylindrical soap bubble is formed between two circular 
rings of the same radius, whilst soap films, which will evidently be 
spherical, are also stretched over the bases of the rings. Find the 
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ratio of the radii of the cylindrical to the spherical parts of the 
films. 


243. Solve Problem 241 on the assumption that soap films are 
stretched over the planes of the rings, as well as over the lateral 
surface. 


244. In Problem 242 the air pressure inside the bubble is gradually 
changed, with the result that the straight generators of the cylin- 
drical surface become bent. Show that, ifthe bending is small, the 
generator takes a sinusoidal form, its period being equal to the 
circumference 2zr of the base of the undisturbed cylindrical film. 
Use this result to show that, on increasing the air pressure inside 
the bubble, when its length is less than zr, the bubble bulges, and 
on decreasing the pressure it contracts. But if the bubble length is 
greater than zr, but less than 2zr, increase of the internal pressure 
causes the lateral surface of the film to become concave, and de- 
crease to become convex. 

Hint. The result of the previous problem may be used. 


245. It was shown by D.I. Mendeleev that the surface tension of 
a liquid is zero at the critical temperature. How can this be proved? 


246. Show that, if two vessels are filled with liquid and have 
a common atmosphere of saturated vapour (for instance, they may 
be covered by the same bell-jar), the liquid levels at thermal equi- 
librium will be the same, provided capillary forces are neglected. 


247. Find the pressure p of the saturated vapour over the menis- 
cus in a capillary tube if the meniscus radius is r and the pressure 
of the saturated vapour over a plane surface is po. 

Hint. Consider the conditions for equilibrium between the liquid 
and vapour over the meniscus and over a plane surface. 


248. Find the stationary flow of vapour from a spherical drop 
of liquid of radius a during vaporisation (or condensation of vapour 
into the drop). The coefficient of diffusion of the vapour into air 
is D, the vapour density remote from the drop is @,,,, the density 
of the saturated vapour is o,,. Find also the vapour density o asa 
function of the distance r from the centre of the drop. Neglect the 
dependence ofthe saturated vapour pressure on the curvature of the 
liquid surface. 
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249. By using the analogy between the equations of stationary 
diffusion and electrostatics, find the stationary flow of vapour from 
a liquid drop of arbitrary shape. The remaining conditions are 
the same as in the previous problem. 


250. Find the time r,,, of vaporisation of a water drop of initial 
radius a in air with relative humidity f and temperature ¢ = 20°. 
Consider two cases: (1) f = 40 per cent, a = 1 mm, (2) f = 99 per 
cent, a = 1 u. The pressure of saturated water vapour at £ = 20° 
is equal to p, = 17:5 mm Hg; D = 0:22 cm?/[sec. 

Hint. Regard the vaporisation process as stationary. This is per- 
missible if the vapour density is much less than the liquid density o,. 


251. Find the time v,,, of vaporisation of a spherical drop of 
liquid of radius a into an atmosphere saturated with vapour of the 
liquid, taking into account the dependence of the saturated vapour 
pressure on the surface curvature (see Problem 247). The surface 
tension of the liquid (water) is c = 73 dynecm^!, the temperature 
t = 20°. Consider two cases: (1)a = 100 u, (2)a = 1 u. 


252. Find the osmotic pressure Posm of a 5 per cent solution of 
cane sugar (C,2H550,,) in water at 18°. 


253. At what temperature : is the osmotic pressure of a 2 per 
cent solution of salt in water equal to 18 atm? Take the degree of 
dissociation of the salt as 75 per cent. 


254. The osmotic pressure ofa solution of 36g glucosein 2°24 litres 
water at 27? is 1-1 atm. Find the molecular weight p of glucose. 


255. What is the osmotic pressure p,,, of an electrolyte, the 
degree of dissociation of which is «, if a molecule of the electrolyte 
splits up on dissociation into n ions? 


256. Find the osmotic pressure ps, of a 1 per cent solution of 
sodium nitrate (NaNO) in water at 27°. Assume that the sodium 
nitrate is completely dissociated. 


257. A solution andthe pure solvent in communicating vessels 
are separated by a semi-permeable membrane, and the vessels are 
covered by a bell jar. Write down the conditions for equilibrium of 
the solution and solvent in the solvent vapour and derive from this 
the relationship between the osmotic pressure Posm and the differ- 
ence (p, — po) between the pressures of the saturated vapour over 
the solution and over the solvent. 
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258. The saturated vapour pressure is less over a solution than 
over a pure solvent. Express the difference between these pressures 
in terms of the ratio k of the total number of moles of dissolved 
substance to the number of moles of solvent. 


259. What is the water vapour pressure p, over a sugar solution 
if the number of moles of sugar is 5 per cent of the total number of 
moles of solvent. The temperature of the solution is 20°. The pres- 
sure of saturated water vapour at 20? is 17-535 mm Hg. 


260. Find the variation with time of the dimensions of a water 
drop if m g of common salt are dissolved in it. The drop is in an 
atmosphere saturated with water vapour. The solution is assumed 
to be dilute. 


261. What is the boiling-point 7, of a solution of 100 g ordinary 
salt in 1 litre water? Assume that the salt is completely dissociated. 
The latent heat of vaporisation of water is q = 539 calg-!. The 
external pressure is 760 mm Hg. 


262. One gram ofcane sugar (molecular weight 342) is dissolvedin 
100 cm? water. Find the boiling-point of this solution at standard 
atmospheric pressure. The density of water at 100? is equal to 
0-96 gcm^?, the latent heat of vaporisation is 539 calg^!. 


263. Find the freezing-point of the solution of the previous prob- 
lem at atmospheric pressure. The latent heat of melting is 
q = 80calg-?. 

264. Sugar in aqueous solution raises the boiling-point at stan- 
dard atmospheric pressure by AT = 0-05°. Find the freezing-point ¢ 
of the solution at the same pressure. The heat of melting of ice is 
qı = 80 calg-, the heat of vaporisation of water is gz = 539calg^!. 

265. Dissolving m = 1 g iodine in M = 285 g ethyl ether raises 
the boiling-point of the latter by AT = 0-032°. What is the number 
of atoms n in a molecule of iodine in solution? The atomic weight 
ofiodine is A = 127, the boiling-point of ethyl ether isT = 307:8?K, 
the heat of vaporisation is g = 81:5 calg^'. 


$6. KiNETIC THEORY OF MATTER 


266. How many molecules of nitrogen does a vessel of 1 litre 
capacity contain, if the temperature of the nitrogen is 27? and the 
pressure is 1075 mm Hg? 
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267. What is the pressure of the gas mixture in a 2-5-litre flask, 
if it contains 10!? molecules oxygen, 4 x 10!5 molecules nitrogen 
and 3:3 x 107? g argon? The temperature of the mixture is 150°. 


268. Use kinetic theory to show that, when a piston is displaced 
quasi-statically in a cylinder filled with an ideal monatomic gas, 
the pressure and volume of the gas are connected by 


pv*!? = const. 


The cylinder walls and piston are impermeable to heat. 

Hint. Consider the collision of a molecule on the moving piston 
and use the fact that the molecule speed is much greater than the 
piston speed. 


269. Solve the previous problem for a diatomic gas. Show that 
in this case the pressure p and volume V are connected by 


pv" = const. 


Hint. Use the theorem on the uniform distribution of the kinetic 
energy over the various degrees of freedom. 


270. Starting from the Maxwell distribution, find the mean 
square x-component of a gas molecule velocity. Find from this the 
mean kinetic energy per degree of freedom of the translational mo- 
tion of gas molecules. 


271. What is the pressure dependence of the mean velocity of the 
molecules of an ideal monatomic gas when it contracts or expands 
adiabatically? 


272. Find the ratio of the number n, of molecules of hydrogen 
whose velocities lie between the limits 3000 and 3010 msec™! to 
the number 72 of molecules having velocities between 1500 and 
1510 msec-?, if the temperature of the hydrogen is 300°. 


273. Find the most probable (vm), the mean (t) and the root 


mean square (V5?) velocities of chlorine molecules at 227°. 


274. At what temperature is the root mean square velocity of 
hydrogen molecules equal to the root mean square velocity of 
nitrogen molecules at 100?? 


275. Show that, if the most probable velocity is taken as unit 
velocity for gas molecules, the number of molecules, the absolute 
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values of the velocities of which lie between v and (v 4- dv) is in- 
dependent of the temperature. 


276. Express the number z of molecules colliding per second with 
1 cm? of the walls of the vessel in terms of the mean velocity of 
the motion of the gas molecules, if the velocity distribution func- 
tion is isotropic (i.e. depends only on the absolute value of the 
velocity but not on its direction). Consider the particular case of 
a Maxwell distribution. 


277. Find the total kinetic energy E of the molecules of a mon- 
atomic gas, colliding with 1 cm? of wall in unit time. Solve the 
problem first in the general form for an isotropic distribution func- 
tion, then apply the result to the particular case of a Maxwell 
distribution. 


278. A tap of very small cross-section S is opened in a vessel of 
volume V from which all the air has been pumped out. How long 
(time 7) does it take the pressure inside the vessel to become half the 
atmospheric pressure? Assume that the filling process is so slow 
that, in spite of the non-equilibrium character of the process, it is 
possible to speak of a pressure and temperature of the air inside 
the vessel. Assume that the temperature of the air in the vessel 
is equal to the external temperature. 


279. (1) How long does it take the air pressure in a thin-walled 
evacuated vessel, in the wall of which there is an aperture of cross- 
section S = 1079 cm?, to increase from p, = 107*top; = 10-?mm 
Hg, if the pressure of the outside air is pọ = 760 mm Hg and the 
temperature is 20°? The volume of the vessel is V = 11. (2) How 
long does it take the pressure inthe vessel to become half the atmos- 
pheric pressure? 


280. A vessel is divided by a partition into two equal parts, each 
of volume V. One part contains nitrogen, and the other oxygen, 
both at the same pressure p and temperature T. The gases are 
strongly rarefied (the mean free path is large compared with the 
vessel dimensions). At the instant ¢ = 0 a small hole of area SS is 
made in the aperture. Find the pressures in the two halves of the 
vessel as a function of time (the gas temperature is assumed con- 
stant throughout the process). Express the result in terms of the 
mean velocities vy and vo of the nitrogen and oxygen molecules. 
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281. A vessel is pumped out to high vacuum, then a hole made 
in one of its walls. A parallel beam of molecules having the same 
velocity v is directed towards the hole. The molecules of the beam, 
on entering the vessel, collide with its walls and are reflected from 
them, whilst they also collide with one another, as a result of which 
a Maxwell velocity distribution is established in the vessel. Find 
the equilibrium ratio of the gas densities in the beam and the vessel 
after thermal equilibrium has been established between the vessel 
walls and the gas filling it. 


282.In a saturated water vapour atmosphere (no air) at a 
temperature ¢ = 20? a water drop of radius r = 2mm with the 
same temperature is suddenly introduced. Determine the instan- 
taneous rate of evaporation per unit surface area of the drop at 
the initial instant (that is, the number of molecules lost by the 
drop per unit time and unit area through evaporation). The satu- 
rated water vapour pressure at 20? is p = 17-54 mm Hg. The sur- 
face tension of water at this temperature is o = 72:7 dyne cm™!. 
(Compare Problems 250 and 251). 


283. The ratio of the molecular weights of two different gases 
can be measured from their effusion velocities, 1.e. the velocities 
of their flow from a vessel with a very small orifice. Show that the 
time required for a given volume of gas to flow from the vessel is 
proportional to the square root of the molecular weight. 


284. The mean free path for hydrogen at atmospheric pressure 
is A = 1:28 x 10-5 cm. Find the kinetic diameter d of a hydrogen 
molecule. 


285. The coefficient of internal friction for nitrogen at 0° is 
n = 168 x 10-5 gcm-! sec-!. Find the mean free path A of nitrogen 
molecules under these conditions. 


286. What is the number z of collisions per second of neon mole- 
cules at 600°K and 1 mm Hg if the kinetic diameter of a neon 
molecule is d = 2:04 x 10-5 cm? 


287. Find the pressure p of hydrogen in a round litre flask, in 
which the mean free path of a molecule is greater than the dimen- 
sions of the vessel. The kinetic diameter of hydrogen is 22 
x 10-? cm, and its temperature 300°K. 
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288. An ideal gas is heated at constant pressure. What is the 
variation with temperature of the mean free path A and the num- 
ber z of collisions of its molecules per second? 


289. An ideal gas is compressed isothermically. Find A and z as 
functions of the pressure. 


290. An ideal gas is compressed adiabatically. Find A and z as 
functions of the pressure. 


291. To determine the coefficient of internal friction of carbon 
dioxide a round 1 litre flask is filled with the gas at a pressure p, 
= 1600 mm Hg. A tap is then opened, allowing the carbon di- 
oxide to flow from the flask through a capillary of length / = 10 cm 
and diameter d = 0:1 mm. The pressure in the flask falls to p3 
= 1350 mm Hg int = 22 min. Calculate from these data the vis- 
cosity and kinetic diameter d of carbon dioxide molecules. The 
external atmospheric pressure is p; — 735 mm Hg. The process 
can be regarded as isothermal and occurring at 15?. 


292. To measure the thermal conductivity of nitrogen, the space 
between two long coaxial cylinders, radii r, = 0:5cm, r; = 2cm, 
is filled with the gas. The inner cylinder is heated uniformly by a 
spiral carrying a current i = 0-1 amp. The spiral resistance per 
unit length of the cylinder is R = 0-1 ohm. The outer cylinder is 
maintained at £; = 0°. In steady-state conditions the temperature 
of the inner cylinder is /, = 93°. Find the kinetic diameter d of 
nitrogen molecules. A small gas pressure (of the order of 10 mm) 
is used in such experiments, so that convection can be neglected. 


293. Determine the angle of rotation g of a disc suspended from 
an elastic thread when a second similar disc rotates at a distance 
h = 1 cm below it with angular velocity œ = 50 radiansec^!. The 
radius of each disc is R = 10cm, the modulus of torsion of the 
thread is f= 100 dynecm rad-!, the coefficient of internal friction 
of air is n= 1-8x 1074 g sec^! cm^! . Neglect edge effects. Regard 
the motion of the air between the discs as laminar. 


294. Solve the previous problem on the assumption that the 
discs are situated in a strongly rarefied atmosphere at pressure 
p = 107^ mm Hg, when the mean free path of the air molecules is 
large compared with the distance between the discs. To simplify the 
calculation, assume that all the molecules move with the same 
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absolute value of the velocity, equal to the mean velocity v 
= 450 m : sec?! of the air molecules. 


295. The thermal conductivity of a gas is known to be indepen- 
dent of its pressure. Explain why theairis pumped out from the space 
between the double walls of a Dewar flask in order to create as high 
a vacuum as possible in the space. 


296. Estimate the mass M of liquid air evaporating per hour from 
a badly evacuated Dewar flask, if the pressure (at room temper- 
ature Ty = 293°K) of the air between the walls is p = 107? mm Hg. 
The surface area of the flask is S = 600 cm?, the heat of vaporisa- 
tion of liquid air is q = 48&4calg^!, and its temperature is T 
= 93°K. The gap between the walls is small compared with the 
free path. 

Hint. Assume for simplicity that the air molecules, alternately 
striking the cold and the hot walls, are each time reflected from 
them with mean translational kinetic energies corresponding to the 
wall temperatures. Neglect the difference betwcen the mean and the 
root mean square velocities of the molecules, and use the formula 

` for the root mean square velocity. 


297. Estimate the order of magnitude of the velocity of the mo- 
tion of a plane disc in strongly rarefied air when one side of the disc 
is heated to 7, = 310°K and the other to T} = 300°K. The air 
temperature is T = 300°K. 


298. Two vessels of the same volume are connected by pipes. 
The diameter of one of the pipes is very large, and of the other very 
small compared to the mean free path of the gas molecules con- 
tained in the vessel. The first vessel is held at constant temperature 
T, = 800°K, the second at constant temperature 7; = 200?K. In 
which direction does the gas flow through the narrow pipe if the 
wide pipe is closed by a tap? What mass m of the gas flows in this 
case from one vessel to the other, if the total mass of gas in the two 
vessels is M? 


299. Find the kinetic energy E of the molecules of 5 litres hydro- 
gen at a pressure of 3 kgcm"?. 


300. A mixture of equal weights of hydrogen and helium at 0? 
is placed in a cylindrical vessel of 1 m? volume, closed at the top by 
a weightless piston which moves without friction. The atmospheric 


PROBLEMS 5] 


pressure is 740 mm Hg. What is the quantity of heat required to 
heat the mixture to 200?? 


301. Calculate the specific heat at constant pressure of a gas of 
the following molar composition: 


20% He - 307; H5 - 50% CH, 


(The molar composition indicates the relative numbers of moles of 
the given components to the total number of moles in the mixture.) 


302. What is the change in y = c,/c, for nitrogen if, under the 
actionof some reagent, a certain fractionof the moleculesdissociates 
into atoms? The ratio of the number of dissociated molecules to the 
total number of molecules is a. 


303. Show that, at sufficiently high temperature, the atomic spe- 
cific heat of a solid must be equal to c, = 3R = 6 calmol-! deg-!. 


304. Find the molecular specific heat at constant volume of solid 
compounds of the type XY and XY,;, assuming the validity of 
classical statistics. 


305. Find the specific heat at constant volume of hydrogen, 
heated to a very high temperature of the order of several keV. 


306. When an atom (uranium) bomb explodes a temperature 
of the order T = 10 keV is reached at its centre. Taking as a guide 
0 = 20 gcm^? as the density of the uranium at the bomb centre, 
find the pressure inside the bomb at this temperature. Compare 
this pressure with the pressure at the Earth's centre, calculated on 
the assumption that the Earth's density is constant and equal to 
Oean = 5'5gcm-^?. Neglect the pressure of the light radiation. (Com- 
pare with Problem 362.) 


307. According to an early theory (Helmholtz, 1854; Lord Kel- 
vin, 1861), the solar radiation is maintained by the heat from con- 
traction of the Sun. Assuming that the Sun is a homogeneous 
sphere, the density of the material of which is the same whatever 
the distance from the centre, calculate the amount of heat Q 
released if the Sun’s radius diminishes from R, to R;. How long 
will the heat released last, if we assume that the intensity of the 
solar radiation is constant in time and the Sun's radius diminishes 
by 4 its initial value (R = 0-9 R,)? The mass of the Sun is 
M = 2 x 10?? g, its mean radius is R, = 6:95 x 10!°cm, the gravi- 
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tational constant y = 6:67 x 107? cm?g-!sec?, the solar con- 
stant A = 1:39 x 10$ ergcm-?sec^!,the mean distance of the Earth 
from the Sun is 1-5 x 10!? cm. Estimate also the relative rise in the 
Sun's temperature if the compression were to occur suddenly. The 
specific heat of the Sun's material can be estimated roughly by 
assuming that the Sun consists wholly of hydrogen (this gives a high 
value for the specific heat. According to modern data the mass of 
the sun consists of approximately 70-80 per cent hydrogen). 


308. According to classical theory the molar specific heat of 
hydrogen is c, = 5R[2. What sort of deviation from this value must 
be expected at sufficiently low temperatures? 


309. Calculate the mean energy E of a mole of monatomic gas 
consisting of molecules having two discrete energy levels: e, and 
£9 > €,. Show that the specific heat of such a gas is 3R/2 at very 
low temperatures. Neglect rotation of the molecules. 


310. A mirror is suspended from a quartz thread, the modulus 
of torsion of which is D, and is illuminated so that rotations of it 
produced by collisions with surrounding gas molecules can be 
recorded on a scale. The rest position corresponds to g = 0 (g is 
the angle of rotation). What are the changes in the mean square of 
the angular velocity ¢* and the mean square of the angular de- 


flection g? if the moment of inertia of the mirror, the length of the 
thread and its diameter are increased by the factors a, p, y respec- 
tively? What value is obtained for Avogadro's number N from 
measurements at temperature T = 287°K, if D = 9-43 x 10-7? dyne 


cm, g? = 4-18 x 10-9? 


311. By regarding the mirror suspended on a quartz thread (see 
the previous problem) as a harmonic oscillator performing un- 
damped vibrations, find "m and g? in the quantum case. Write down 
the condition for the classical expressions to be applicable. Find 
the quantum corrections, by using the data of the previous prob- 
lem. Take J z 0:01 gcm? for the moment of inertia of the mirror. 


312. Perrin determined Avogradro's number by finding the height 
distribution of spherical gamboge particles suspended in water. He 
found that the ratio « of the number of particles in layers spaced 
at a distance / = 30 u apart was equal to 2-08. The density 
of the particles was o = 1:194 gcm^?. The density of water is 
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0o = lgcm-^?. The particle radius was r = 0:212 yw. Calculate 
Avogadro's number N on the basis of these data. The water tem- 
perature ¢ = 18°. 


313. The molecular weights of colloidal particles may be deter- 
mined by studying the distribution of their concentration in the 
field of the centrifugal force produced by a centrifuge. Find the 
molecular weight u of the colloidal particles, given that the ratio of 
their concentrations at points distances r3, r, from the axis of the 
centrifuge is a. The density of the particles is p, the density of the 
solvent oo. The angular velocity of the centrifuge is w. 


314. At thermodynamic equilibrium the temperature of a gas 
situated in a gravitational field is constant with respect to height. 
From the molecular-kinetic viewpoint it seems at first sight that 
the gas temperature must decrease with the height, since a molecule 
travelling upwards will be slowed down by the gravitational field, 
and one travelling downwardsaccelerated. Give a qualitative molec- 
ular-kinetic explanation of the constancy of the gas temperature 
with height. 


315. An ideally elastic sphere moves upwards and downwards in 
a gravitational field, the action of the field being in accordance with 
the law of elastic collisions. Find the connection between its time- 
averaged kinetic and potential energies. Use the result to establish 
thc connection between the average kinetic and potential energies 
of a molecule of air in the earth's gravitational field. Use this result 
to obtain a formula for the difference c, — c, between the molar 
specific heats. 


316. A vertical cylindrical vessel of height H contains 1 mole 
of an ideal gas. Find the specific heat c of the gas, taking account 
of the presence of the gravitational field and assuming that ugH 
< RT, where p is the molecular weight of the gas. Neglect the ex- 
pansion of the vessel on heating. 


317. A cylindrical heat-insulated vessel containing an ideal gas is 
suspended from a thread. Due to the action of gravity the gas 
density at the bottom of the vcssel is greater than at the top. Thc 
thread breaks and the vessel falls. Does the gas temperature alter 
after thermodynamic equilibrium has been established during the 
descent? 
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318. Find the density distribution of the gas molecules in a cy- 
linder of radius Rand length /, rotating in a gravitational field about 
its axis with angular velocity w. The cylinder axis is vertical. 


319. A liquid contains identical Brownian particles, the con- 
centration of which depends on the z co-ordinate only. Equalisation 
of the concentration occurs as a result of diffusion. Express the 
diffusion coefficient D of the Brownian particles in terms of the 
mean square displacement of a particle in thc z direction in time t. 


320. The mobility B of a Brownian (or any other) particle is 
defined as the coefficient of proportionality between the velocity u 
its steady-state motion under the action of a constant force f and 
the magnitude of the force itself: u — Bf. A suspension of identical 
Brownian particles in a liquid is situated in a gravitational field. 
Write down the expression for the total flux of the particles due to 
diffusion and the action of gravity. In the stationary state the total 
flux must be zero. At the same time the stationary height distribu- 
tion of the particles is given by Boltzmann's formula (the baro- 
metric formula). Starting from these ideas, establish the connexion 
between the mobility and the diffusion coefficient. 


321. Use the results of the two previous problems to find the 


connexion between the mean square displacement 4z? of a Brown- 
ian particle in any given direction during time v with the mobility 
of the particle. What form does the connexion take for a spherical 
particle of radius a? (According to Stokes, B7! = 625a, where y is 
the viscosity of the liquid.) 


322. Find the root mean square horizontal displacement per 
minute of gamboge grains in water at 20°, given that their radius 
is 0-5 u, and the viscosity of water is 0-01 gcm-! sect. 


323. According to Einstein and Smoluchowski, Avogradro's 
number N can be determinedby observing the Brownian motion of 
gamboge particles and measuring the root mean square displace- 
ment in a fixed direction. Find N, given that the root mean square 
displacement in 5 min of particles of radius a = 0:385 u in 
glycerine at 20? is 1-5 u. The viscosity of glycerine is 7 = 1:49g 
cm! sec~!, 


324. When measuring the charge on an electron by Millikan’s 
method, the Brownian movement of oil drops is observed. By 
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observing this movement, it is possible to determine Avogradro's 
number as well as the charge on an electron. Let v, be the steady- 
state rate of fall of the drop in a gravitational field in the absence 
ofan electric field. When an electric field E is present, the drop rises 
upwards with a steady-statc speed v;. It is well known that the 
charge e on thc drop can be calculated from these observations. 
Let (Ax)? be the mean square of the particle displacement in time t 
in the (horizontal) x direction. 

Assuming that the steady-state velocity of the particle is pro- 
portional to the applied force, find an expression for Ne, where N is 
Avogadro's number. 


325. During observation of the Brownian movement of an oil 
drop in a Millikan condenser (see the previous problem), it 
was found that (4x)? = 1:05 x 10-5 cm?, v = 10 sec, v, + v2 
= 0:0268 cmsec-!, T = 300°K. The voltage across the condenser 
plates is V = 940 V, the distance between them is d = 0:7 cm. Cal- 
culate Avogadro's number from these data. The charge on the drop 
measured by experiment proved to be equal to the charge on an 
electron e = 4:8 x 10-71? e,s.u. 


326. Cosmic rays move randomly in the Galactic as a result of 
being deviated by the intcrstellar magnetic fields. The process re- 
sembles diffusion. Find the time t required for a particle to travel 
a distance of the order of the Galactic dimensions R z 5 x 10??cm, 
if the effective mean free path is / z 100 parsec ~ 3 x 10?° cm. 


327. Find the wavelength at which sound starts to be strongly 
damped when propagated in a monatomic gas. 


328. Find the order of magnitude of the effective cross-section 
for collisions of electrons with ions of a plasma heated to a tem- 
perature T. The collisions occur with a transfer of momentum, ac- 
companied by strong deflexions of the electrons. 


329. Starting from the result of the previous problem, obtain 
an approximatc expression for thc electric conductivity A and the 
specific rcsistance o of a hydrogen or deuterium plasma, heated to 
an absolute temperature 7. Find the plasma conductivity as a func- 
tion of the density and temperature. 


330. At what temperature is the theoretical conductivity of a 
hydrogen or deuterium plasma equal to the conductivity of copper 
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atroom temperature? Theconductivityof copper is 5:14 x 10!"sec-! 
= 5:72 x 105 ohm^!cm^!. 


331. Obtain an approximate expression for the thermal conduc- 
tivity x of a hydrogen or deuterium plasma, heated to an absolute 
temperature T. Find the thermal conductivity of the plasma as a 
function of its density and temperature. 


$7. HEAT RADIATION 


332. An infinitely long plane-parallel layer of isotropic material 
of thickness / is at the same temperature T throughout. Find the 
intensity of the heat radiation from the layer in different directions, 
neglecting reflexion of the radiation at its boundaries, and scatter- 
ing inside the layer. (Reflexion at the boundaries will not occur in 
practice if the refractive index changes smoothly close to the bound- 
aries.) Thc coefficient of absorption of the material (per unit length 
of ray) is æ. 


333. Solve the previous problem on the assumption that reflexion 
occurs at the boundaries but neglecting scattering. 


334. Find the radiation from an infinitely thick layer of material, 
neglecting scattering inside the layer. Verify that an infinitely thick 
layer of any material radiates in all directions like an absolutely 
black body, provided reflexion at its boundaries and scattering in- 
side the layer can be neglected. 


335. A light "'rectificr" *, which transmits radiation from left to 
right but not in the reverse direction, contains a plane-parallel 
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plate P (Fig. 8) made of a dichroic crystal, heated to a temperature 
T. The plate P passes all the light of a certain polarisation and 


* Such a “rectifier” is of practical interest at radio wavelengths. 
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completely absorbs light polarised in the perpendicular plane (we 
neglect reflexion at the plate surface). The plate is orientated in 
such a way that it entirely absorbs the light passed by the Nicol 
prism N3. Find the intensity of the heat radiation from the plate 
leaving the system from left to right and from right to left. 


336. Show that, if radiant energy involved no pressure, it would 
be possible to construct a perpetuum mobile of the second kind. 


337. Show that the Carnot cycle corresponding to the radiation 
of an absolutely black body has an efficiency 7 = (T, —T>)/T,, 
where T, and T, are the radiation temperatures on the isothermal 
parts of the cycle (T, > T2). 


338. Find the entropy of black radiation. 


339. A body A is in equilibrium with its radiation and is en- 
closed in a cylinder with ideally reflecting walls and closed by an 
ideally reflecting piston B (Fig.9), which can be displaced in the 





Fic. 9 


cylinder without friction. By considering the Carnot cycle for such 
a system, find the temperature dependence of the spatial density U 
of the equilibrium radiation. 


340. Find the specific heat c, per unit volume of black radiation 
in a closed cavity, the volume of which is held constant on heating. 


341. Find the equation for an adiabatic process performed with 
equilibrium radiation. 


342. On the average, about 2 cal radiant energy is incident per 
minute per square centimetre of the Earth's surface. The distance 
of the Earth from the Sun is 150 million km, the Sun's diameter 
is 1-39 million km, the Sun’s temperature is 6000°K. Regarding the 
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Sun asan absolutely black body, find the constant o in the Stefan- 
Boltzmann law, connecting the energy radiated from | cm? of the 
surface of a black body per second with the absolute temperature. 


343. One kilogram of water, heated to 50°, is poured into a black 
thin-walled metal vessel of cubical shape. Find the time t required 
for the vesscl to cool to 10°, if it is placed in a black cavity, the 
wall temperature of which is held at about 0°K, and the water fills 
the entire volume of the vessel. 


344. Find the steady-state temperature T of a black plate which is 
mounted in vacuo perpendicular to the Sun’s rays (the flux of light 
energy is 2 calcm~? min“). 


345. Establish the connexion between the energy density U of 
isotropic radiation, its intensity J and the luminosity S. 


346. Find the number of eigenvibrations of a string of length z 
in the frequency interval (v, v + dy). Assume that the string can 
only vibrate in one plane. 


347. Find the number of eigenvibrations of a square membrane 
of side z in the frequency interval (v, v + dy). 


348. Find the number of transverse eigenvibrations ofa parallele- 
piped of volume V in the frequency interval (v, v + dy). 


349. According to Planck's formula, the radiation density of a 
black body with frequencies in the interval (v, v + dy) is equal to 
U,dy = (8xhv3/c?) [e^ *T — 1]-! dy. Find approximate expressions 
for U,, when Av > KT and hy « kT. 


350. Use Planck's formula (see the previous problem) to find the 
constants in the Stefan-Boltzmann and Wien laws: S = oT* and 
Amaxl = &, i.e. express them in terms of the constants A, k and c. 


35]. Find thc temperature T' of the sun by regarding it as an 
absolutely black body, and using the fact that the maximum inten- 
sity of the solar spectrum lies in the green region (A = 5 x 107?cm). 


352. Find the wavelength corresponding to maximum intensity 
in the spectrum of an absolutely black body, the temperature of 
which is 109 degrees. 


353. The ratio of the total radiating capacity of a given body to 
the radiating capacity of a black body at the same temperature is ez. 
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Find the connection between the true and the radiation tempera- 
tures. 

Note. The radiation temperature T, is the temperature of a black 
body, the total radiating capacity of which is equal to the radiating 
capacity of the given body at the temperature T. 


354. Is it possible for the radiation temperature to be higher than 
the true temperature? 


355. Neglecting thermal conductivity losses, calculate the power 
W of the electric current required to heat a filament of length 20 cm 
and diameter 1 mm to 3500°K. Assume that the filament radiation 
is according to the Stefan-Boltzmann law (ø = 5-7 x 107? ergcm? 
sec! deg-*). 


356. er z 0:35 for tungsten at T = 3500°K (see Problem 353). 
Find 7, and W for a tungsten filament under the conditions of the 
previous problem. 


357. The brightness temperature of a body is the temperature of 
a black body at which the lattter has a brightness equal to the bright- 
ness of the given body at the given wavelength. Find the brightness 
temperature of a grey body as a function of the wavelength (a grey 
body is one for which the radiative capacity over the part ofthe 
spectrum in question is independent of the wavelength). 


358. Wien obtained the following empirical formula for the 
energy distribution in the spectrum of a black body: 
-E2 
E(2, T) = C4 5e 47, 


where C,, C; are constants. Obtain from this formula Wien's dis- 
placement law, and, taking the present accepted value of 1-43880cm 
deg for C;, find the constant in the displacement law. 


359. By comparing Wien'sformula with Planck's, find the tempera- 
ture up to which Wien's formula can be used within the limits of 
thc visual spectrum (7500 A < 4 « 4000 A) with an error not ex- 
cecding 1 per cent. 


360. What formula would be obtained for the black body radia- 
tion density U, if there were no induced emission of light? 


361. A gas constists of molecules or atoms having two non- 
degenerate energy levels E, and E; (E; < E;). The gasisinastate 
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of thermodynamic equilibrium. Taking induced emission into ac- 
count, express the absorption coefficient x(T) at a gas temperature 
T in terms of its value xg at T = 0. Consider the two limiting cases: 


(D) kT > hy = E, — E,; (2) kT & hv = E, — Ey. 


362. Find the light pressure at the centre of an atom (uranium) 
bomb at the instant of explosion, on the assumption that the radia- 
tion is that of a black body. Take the data from Problem 306. 


363. Determine the effective temperature, within the range of 
applicability of the Rayleigh-Jeans law, of the radiation of an in- 
finitely long plane-parallel layer of isotropic material of thickness / 
and temperature T, neglecting reflexion of the radiation at the 
boundaries of the layer, and scattering inside the layer. Confine the 
discussion to the radiation in a direction normal to the layer. The 
coefficient of absorption of the material (per unit length of ray) isa. 


364. The corona is the source of the Sun's radio radiation in the 
metre band. Find the flux S of the radio radiation from the Sun to 
the Earth in a band 1 Mc/s wide on the assumption that the radia- 
tion is thermal. The effective temperature of the corona radiation 
is T « 106 deg. 


365. Let a medium consist of particles which can be at either of 
two energy levels E,, E; (E; > Ej). (For instance, they could be 
particles with spin 4 in a magnetic field.) The concentrations of the 
particles at levels 1 and 2 are N,, N, respectively. A radio wave of 
frequency » = (E, — E,)/h is incident on the system. What will be 
the law of variation of its intensity /? Is amplification of the wave 
possible, and under what conditions? 


CHAPTER II 


ATOMIC AND NUCLEAR PHYSICS 


$8. STRUCTURE OF THE ATOM AND SPECTRA 


366. Find the frequency of vibration ofthe electron in J.J. Thom- 
son's model of the atom with one electron. In this model the atom 
is a sphere with a charge + e distributed uniformly over the sphere; 
inside the sphere a point charge — e (the electron) moves. 


367. How many spectral lines can be radiated by Thomson's 
model of the atom with one electron? What must be the radius of 
the atom if it radiates the wavelength 2 = 5000 A? 


368. If a gas consists of Thomson atoms with one électron and 
no account is taken of the rotation of the atoms, what is the molar 
specific heat of the gas according to classical theory? 


369. Show that, when an a-particle collides with a nucleus whose 





Pd 
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charge is Ze, the impact parameter p is connected with the angle 
of deflection g (Fig.10) by 


2 
cot L = PPY 
2 2Ze? 


where m is the mass of the «-particle and v is its velocity. 
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370. Use the result from the previous problem to find the effective 
scattering cross-section of a-particles in the angular interval g to 
9 + dp. 

Note. The effective cross-section is the ratio of the scattered flux 
to the density of the incident flux of a-particles. 


371. What is the number An of a-particles scattered in the inter- 
val of angles between 44? and 46? if n = 104 a-particles with 1 MeV 
energies are deflected from a copper plate 0-005 mm thick? 


372. Find the ratio of the electrostatic and gravitational self- 
energies of a uniformly charged, gravitating sphere. What is this 
ratio for an electron and a proton? 


373. An electron performs damped nearly-harmonic vibrations 
with a frequency y = 10!5 sec-!. How long does it take (time AD 
to lose 0-9 of its initial energy? 

Hint. It is shown in electrodynamics that the energy loss of a 
vibrating electron as a result of radiation is given by 

aW | 2e 


dt 3 c 


v? 


(W is the energy and v the velocity of the electron). 


374. How long (time 4r) would it take an electron, revolving 
about a proton in a circle of radius ag = 0-53 A to strike the nucleus 
as a result of radiation losses, if the classical theory were valid? 
Assume that, in spite of the approach of the electron to the nucleus, 
its acceleration is always approximately equal to the acceleration 
in its uniform motion about a circle of corresponding radius. 


375. What is the frequency of the radiation according to classical 
theory of an electron moving in a circle at a rate of v revolutions 
per second? In which of the Bohr orbits would the radiation be more 
intense: in the first or second? 


376. Use Bohr's theory to find the radius ag of the first orbit of 
an electron and its velocity v in it. 


377. What is the electric field-strength of the nucleus for the first 
and fourth Bohr orbits of the hydrogen atom? 


378. Calculate the force Fofattraction between anelectron in the 
first orbit of a hydrogen atom and the nucleus. What is the ratio 
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of this force to the force of gravitation between the electron and 
proton at the same distance? 


379. Show that the frequency radiated on transition from the 
(n + 1)-st to the nth Bohr orbit tends to the frequency of revolution 
of an electron in the nth orbit as n tends to infinity. 


380. Find the wavelength of the first three lines of the Balmer 
series. Rydberg’s constant for H is R = 109,677.58 cm-!. 


381. Find the wavelength of the lines of the Lyman, Paschen, 
Brackett and Pfund series. * 


382. Find the wavelength corresponding to the limit of the Bal- 
mer series. 


383. Find the least number of levels of a hydrogen atom, between 
which transitions are possible, accompanied by radiation of radio 
waves of wavelengths 1 cm, 10 cm, 1 m and 10 m. 


384. Find the energy E of a hydrogen atom in the ground state, 
and calculate the ionisation potential V, of the atom. 


385. Express the ionisation potential of hydrogen in calmol-^!. 


386. The first excitation potentials oflithium(Li)andsodium (Na) 
are 1-84 and 2-1 V respectively. At what temperature is the mean 
kinetic energy of the particles equal to the excitation energy? 


387. What are the relative numbers of hydrogen atoms in the 
ground state and in the first, second and third excited states at 
2000°K? 

388. Evaluate the first excitation potential of hydrogen. 


389. Find anexpression for the frequencies of the line absorption 
spectrum of atomic hydrogen. 


390. Will a hydrogen atom absorb radiation of frequency 
y = 2Rc? (R is Rydberg's constant, c is the velocity of light). 
* All these series are covered by the Balmer-Ritz formula 


v= R(if/m? — 1/n?). 


m=1,n=2,3,4,... Lyman series 
m=2, n=3,4,5,... Balmer series 
m= 3, n= 4, 5,6,... Paschen series 
m= 4, n= 5,6,7, ... Brackett series 
m= 5, n= 6,7,8,... Pfund series 
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391. What spectral lines appear when atomic hydrogen is ex- 
cited by electrons with energies of 12:5 eV? 


392. What lines appear if the electron energy in the previous 
problem is 14 eV? 


393. A recombination process amounts to transition of an 
electron from a free state to one of the orbits of the ionised atom. 
Recombination may be accompanied by luminescence. What special 
features distinguish a recombination spectrum from the spectrum 
obtained by thermal excitation and impact excitation? 


394. Find the ionisation potential of Het and Li* ions. 
395. Find the wavelength of the resonance line of He*. 


396. What is the expression for Rydberg's constant R, for an 
infinitely heavy nucleus in terms of fundamental constants? 

397. Findan expression for the energy ofthe terms ofa hydrogen- 
like atom (charge on the nucleus Ze), taking into account the 
finiteness of the mass of the nucleus. 

398. Rydberg's constants for hydrogen and helium are respec- 
tively Ry = 109,677-6 cm-! and Ry, = 109,722:3 cm^!. Find the 
ratios mg/m and my,/my, where my and my, are the masses of the 
proton and a-particle; m is the mass of the electron. 

399, Find the difference in wavelength between the H, and D, 
lines (the first line of the Balmer series for deuterium). Find also 
the difference H, — D,. 

400. What is the voltage difference between the ionisation po- 
tentials of deuterium (D) and of hydrogen (H)? Express the differ- 
ence between the ionisation energies of hydrogen and deuterium in 
calories per mole. 

401. Determine the orbits such that transition between them in 
the case of a helium ion He* is accompanied by radiation close 
to H,. 

402. What is the difference between the wavelength of the H, line 
and the wavelength of the He* spectrum line corrsponding to it? 
(See the previous problem.) 

403. According to modern data, the Rydberg constants for 
hydrogen and deuterium are respectively 


Ry = (109,677.576 + 0:012) cm~}; 
Rp = (109,707-419 + 0:012) cm~}, 


PROBLEMS 65 


and the atomic masses: 


H = 1:008142 + 0-000003 (physical scale) 
D = 2-014735 + 0-000006 (physical scale). 


The Faraday constant is 
F = Ne = (2-89366 + 0-00003) x 10* e.s.u. mol! 
= (9652.19 + 0-11) e.m.u. mol! (physical scale). 
Use these data to find e/m for an electron. 


404. Close artificial Earth's satellites move with velocities of the 
order V = 8kmsec^!. Could an hydrogen (H), nitrogen (N) or 
oxygen (O) atom, elastically reflected from a satellite, ionise an atom 
of the same type in the atmosphere? The ionisation potentials of hy- 
drogen, nitrogen and oxygen are respectively 13:60; 14-47; 15-56eV. 


405. What is the orbital magnetic moment of a hydrogen atom 
in the ground state according to Bohr's theory? 

Hint. The magnetic moment of a current is u = JS/c, where J is 
the current, S is the surface area round which the current flows, 
and c is the velocity of light. 


406. What is the ratio of the orbital moment u of an electron 
in the nth circular Bohr orbit to its angular momentum /? 


407. Show that the answer to the previous problem is also correct 
for elliptic orbits. 


408. Find theenergy ofthe magnetic interaction oftwo hydrogen 
atoms 3 x 107$ cm apart. Assume that the electrons in the atoms 
move in the first Bohr orbits and that the planes of the orbits of the 
two atoms are parallel. Neglect electron spin. 


409. What is the initial angular velocity œ with which a cylinder 
rotates, suspended in a magnetic field of field-strength H oersteds 
directed parallel to its axis, when the directionof thefield is reversed? 
Assume that the cylinder is magnetised to saturation. (The angular 
momentum of an electron in an atom is equal to Z.) 


410. Find the ratio of the magnetic moment of an electron in an 
atom to its angular momentum, given the value of œw (see the pre- 
vious problem) and the magnetic moment of thecylinderin the field. 
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411. What value of w is to be expected in the simplified Ein- 
stein-de Haas experiment (Problem 409), ifthe length ofthecylinder 
is 1 cm, its mass 1g, its material iron, and if its assumed that the 
angular momentum of each atom is equal to the angular momentum 
of an electron in the first Bohr orbit? 


412. What are the angular momentum land the magnetic moment 
u of an electron? What is the ratio of these two magnitudes? 


413. Find the possible multiplicities of H, He, Li, Mg, Fe, Hg, U 
and Cl atoms. 


414. What are the possible multiplicities of Srt, Lit, Cat, C+ 
and OH+? 


415. What is the highest multiplicity of an atom of group III? 


416. What is the number of levels into which the term with / = 3 
splits in a magnetic field in the normal Zeeman effect? What is the 
energy difference between neighbouring levels? 


417. What is the number of components into which the spectral 
line, connected with the transition / = 3 + I = 2 splits in a mag- 
netic field in the normal Zeeman effect? 


418. Calculate the splitting of the level n = 2,7 = 1 of hydrogen 
due to the magnetic interaction of the spin with the orbit. 


419. Find the doublet splitting of the first line of the Lyman 
series; notice that the state n = 1 does not split, whilst the state 
n = 2 splits into the number calculated in the previous problem. 

Note. The calculated splitting is not equal to the observed one, 
since no account is taken in the calculation of relativistic correc- 
tions and apart from that, the calculation itself is too crude. 


420. Show that, if account is taken of the magnetic interaction 
of the spin with the orbit, the intervals between components of one 
multiplet (in the frequency scale) have integral ratios to one an- 
other. What are the integers? 

Hint. 'The energy of the interaction of the spin with the orbit is 
proportional to cos (i * $), where lis the orbitalandsthe spin angular 
Momentum. 


421. Into how many components does the term with internal 
quantum number j split in a weak magnetic field? 
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422. Into how many components does a beam of hydrogen atoms 
split in a Stern-Gerlach experiment? 


423. Find the term splitting of an atom of the alkali metal group 
when placed in a weak magnetic field. Regard the spin and orbital 
angular momenta as having the same direction. 


424. How many components are produced when the sodium (Na) 
line corresponding to the transition 


L usui | 
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splits in a weak magnetic field? 


425. For the sodium (Na) line of the previous problem, find the 
number of components of the anomalous Zeeman effect which are 
polarised along the magnetic field. 


426. What is the maximum possible number of electrons possess- 
ing a given principal quantum number n? 


427. Show that the total angular momentum of a closed shell 
is zero. 


428. What is the maximum possible number of electrons possess- 
ing given values of the principal and azimuthal quantum numbers? 


429. How many terms are obtained when the ground state level 
of a hydrogen atom splits due to interaction of the magnetic mo- 
ments of the electron and proton (hyperfine splitting)? What is the 
order of the energy difference 4 E between the sublevels of the hyper- 
fine structure? 


430. What is the order of magnitude of the wavelength of the 
radiation corresponding to transition between sublevels of the 
hyperfine structure of the ground state level of hydrogen (see the 
previous problem with r = 2 x 107? cm)? 


431. A vessel filled with mercury (Hg) vapour at low pressure 
absorbs per sec 10!6 quanta of resonance radiation of Hg from a 
mercury lamp. The life of an mercury atom in the excited 2 ?P 
state is ~ 10-7 sec. How many excited mercury atoms are to be 
found simultaneously in the vessel? 


432. What proportion of sodium (Na) atoms is excited to emit 
of the Dline (A = 5890 A) in the flame of a Bunsen burner (2000°K). 
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433. Experiment shows that, for sodium vapour in the Bunsen 
flame (T = 2000°K), n = 2000quanta (A = 5890 Å) are emitted per 
second per atom. Find the average life ¢ of an excited sodium atom. 


434. What is the distance r from which the naked eye can see the 
light from a laser, generating 10 kW in the continuous operation 
at a frequency v = 4 x 10!? sec-!, if a parabolic mirror of diameter 
D = 5m is used for forming the beam. 

The eye sees a source if 60 quanta per second are incident on the 
pupil (pupil diameter d — 5 mm) at a frequency in the green part 
of the spectrum. 

435. A ruby laser radiates energy E = 10joules in a T = 0-Susec 
pulse in the form of an almost parallel beam of light of cross-section 
S = 1 cm?. The laser operating wavelength is A = 6943 A, the line 
width is 4A = 0-01 A. 

Determine from the spectral density of the radiated energy the 
effective temperature 7. in the laser beam: (1) Close to the laser 
without focusing; (2) With the maximum possible narrowing of 
the beam in the focus. 


436. A ruby laser radiates a T = 0-5 usec pulse of energy 
E = ] joule at A = 6943 A in the form of an almost parallel pencil 
with cross-sectional area S = 1 cm?. Find: (1) The light pressure p 
on an area close to thelaser and perpendicular to the beam; (2) The 
light pressure p onanarea perpendicular to the beam with maximum 
possible concentration of the beam (in the region ~ 2?); (3) The 
electric field strength E in the region of maximum possible con- 
centration of the beam. 

Note. Assume that the radiation is uniform during the pulse. 


437. A particle with a charge e and mass m moves round a circle 
of radius r with velocity vg. Suppose that, when the velocity of the 
particle changes, the motion still takes place round the same circle 
(under the action of forces that ensure a sufficiently small change 
in the orbit radius; for example, motion along a “‘groove’’). Show 
that, as a result of switching on of a magnetic field of intensity H, the 
angular velocity of the particle changes by w, = — eH/2mc (this 
statement amounts to Larmor's theorem applied to the case in 
question). 

438. Consider a particle moving round a circle in the presence 
of a magnetic field and show that the quantisation rule mer = An[2zx 
does not apply in this example. 
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Hint. Consider the process of switching on the field (see the 
previous problem) and show that, if mur = hn[2zx, the magnetic 
flux Ø = ar? H proves to be quantised, which is untrue in the 
general case, as is clear from simple physical considerations. 


439. Using Bohr's quantisation rule (see the previous problem), 
show that the magnetic flux through an aperture in a large, hollow, 
superconducting cylinder is® = nhc[|e*| = nhc[2e (here |e*| is the 
absolute value ofthe charge of the superconducting current carriers; 
these carriers are bound pairs of electrons, so that |e*| = 2e, where 
e is the absolute value of the charge on the electron). 

Hint. If the magnetic flux through a circle of radius r is ®, the 
momentum of a particle with charge e* is p = mv + |e*| O[2zcr 
(assuming e* < 0). 


§ 9. X-RAYS 


440. The fact that X-rays are transverse waves was first proved 
by Barkla with the following experiment. A beam of X-rays is 
scattered by the body A (Fig. 11). The scattered radiation is incident 
on the body B and is again scattered. The transverse character is 
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proved by the fact that the intensity of the second scattered radia- 
tion in the direction BC is zero. Explain the underlying idea. Why 
are the bodies A and B made of material of small atomic weight? 
(The bodies were made of carbon in Barkla's experiment.) 


441. Calculate approximately the frequency and wavelength of 
the K,-line of molybdenum (Mo), and the energy of a quantum 
corresponding to this line. 

442. Find approximately the minimum voltage V on an X-ray 
tube at which lines of the K,seriesof molybdenum (Mo), copper(Cu) 
and iron (Fe) start to appear. 
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443. Find the edge of the absorption K-band of molybdenum 
(Mo), copper (Cu) and iron (Fe). 

444. Can the K,-radiation of iron (Fe) lead to secondary y-ra- 
diation of chromium (Cr) and cobalt (Co)? 


445. How many nickel (Ni) lines are excited by the K-radiation 
of cobalt (Co)? 


446. The wavelength of the K,-line of one element is known to be 
0-788 A, and of another 0-713 A. Do the elements belong to the 
same row in the periodic table? What are the elements? 

447. What is the first element at which the L-series appears? 

448. Find the voltage on an X-ray tube, given that there is no 
wavelength less than 0-206 À in the continuous spectrum radiated 
by it. 

449. The sphere of an electroscope is irradiated by X-rays. The 
electroscope leaves cease to separate when the sphere potential is 
8 kV. Find the wavelength 2 of the incident radiation. 

450. What is the maximum velocity v of electrons ejected from 
lead by the characteristic radiation of iron? 

451. A linear lattice (chain of scattering centres) of period a is 
placed in the path of a parallel beam of light perpendicularly to the 
direction ofthe beam. Find the directions at the diffraction maxima 
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and the diffraction pattern in the focal plane of a lens mounted 
perpendicularly to the incident beam (Fig. 12). 

452. (1) What change occurs in the diffraction conditions at the 
chain if the light is incident at an angle a, to it («o is the angle be- 
tween the light beam and the chain)? (2) If the chain is of length L, 
what is the condition, in the case a9 = 2/2, for the diffraction pat- 
tern to be observable without a lens on a screen mounted perpen- 
dicularly to the incident beam? 
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453. In the case of diffraction from a linear lattice, what pattern 
will be observed on a screen mounted perpendicularly to the direc- 
tion of the chain, if the light is normally incident on the lattice? 


454. Given a plane rectangular point diffraction lattice of periods 
a and b, find the diffraction pattern on a remote screen whose plane 
is parallel to the plane ofthe lattice. What are the maxima when the 
light is normally incident? 


455. An X-ray beam is incident on a three-dimensional rectan- 
gular point lattice, its direction being parallel to one rib of the 
parallelepiped forming the cell of the lattice. Find the directions at 
the diffraction maxima and the conditions under which these maxi- 
ma can be observed. 


456. Find the directions for the diffraction maxima when a X- 
ray beam is incident from an arbitrary direction on a three-dimen- 
sional cubical lattice of constant a. 

What condition must be satisfied by the wavelength 4 in order 
for the maxima to be observed? 


457. Use the conditions obtained in solving the previous problem 
to find the angle 28 between the incident and diffracted beams for 
a cubical lattice. 


458. Show that, in a crystal of cubical structure, the distance 
between the planes with indices khl is equal to 


a 


d = ———————. 
h? + k? +r 


Hint. The Bragg condition is a consequence of the results obtained 


in Problems 456 and 457, since a/Vn? + rd + r$ = d[n, where n 
is a divisor of n, , n5, n3. 


459. Is X-ray diffraction possible at an optical diffraction grating 
with a constant of 1 micron, and if so, under what conditions? 


460. A sample consisting of fine crystals is placed in the path 
of a monochromatic X-ray beam (the Debye-Scherrer method). 
What sort of diffraction pattern is observed on a screen perpendic- 
ular to thc incident beam? How is the distance z from the point of 
maximum intensity on the screen to the central spot related to the 
distance R from the sample to the screen (Fig. 13)? 
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461. How many atoms are there per elementary cell in crystals 
with simple cubic, body-centred cubic and face-centred cubic cells? 


462. Find the lattice constants of iron (body-centred cubic) and 
sodium chloride (NaCl) (regarded for simplicity as a simple cubic 
lattice, i.e. the difference between the sodium and chlorine atoms 
is neglected), given that the density oy,c; = 2:164 gcm^? and Ore, 
= 7:86 gcm^?. 


463. Find the wavelength of the Z, line for W, if a fourth order 
spectrum is observed when it is incident on a sodium chloride 
(NaCl) crystal at an angle 31°32’ to the reflecting plane (001). 
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464. Find the lattice constant of sylvinite (KCI) if the K,-line of 
iron is reflected from the (001) face at an angle 18°3’ in the second 
order. 


465. Find the material ofthe anticathode if the smallest glancing 
angle of radiation incident on the (001) plane of the sodium chlo- 
ride (NaCl) crystal, at which a maximum is observed, is 17°. The 
tube voltage is large enough for the K-series of the element to be 
excited. Take only the K,-line into account. 


$10. THE QUANTUM NATURE OF LIGHT. 
THE WAVE PROPERTIES OF PARTICLES 


466. Find the mass of a photon of visual light (2 = 5000 A). 


467. What is the wavelength of a photon if its mass is equal to 
the rest mass of an electron? 


468. Find themomentum ofa photon ofvisual light (4 = 5000 À). 
Compare it with the momentum of a hydrogen molecule at room 
temperature. The mass of the hydrogen molecule is M = 3:35 
x 10-74 g. 
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469. At what wavelength is the momentum of a photon equal 
to the momentum of a hydrogen molecule at room temperature? 
(See the previous problem.) 


470. Compare the energy of a photon (A = 5000 A) with the 
kinetic energy of the translational motion of a hydrogen molecule 
at room temperature. 


471. The average wavelength of the radiation of an incandescent 
lamp with metallic filament is 12,000 A. Find the number of photons 
emitted by a 200 W lamp per unit time. 


472. Express the energy E of a light quantum in terms of its 
momentum and mass. 


473. Show that a free electron cannot emit light quanta, since 
the assumption that it can implies that the laws of conservation of 
momentum and conservation of energy are not fulfilled simultane- 
ously. 


474. Use the quantum aspect of light to derive the formula for 
the Doppler effect, on the assumption that the light source moves 
with a non-relativistic velocity. 


475. Do the same for a source which moves with a relativistic 
velocity. 


476. In the previous problem, consider the nature of the depend- 
ence of the frequency on the angle O as 8 > 1. Estimate the angle O, 
starting from which the radiated frequency is small compared with 
the frequency radiated at the angle O = 0. 


477. When a charged particle moves rapidly in a region of space 
filled by isotropicelectromagnetic radiation (for instance, light from 
the Sun and stars), the particle loses energy as a result of the inter- 
action with the radiation (assuming that the energy of the particle 
is greater than the energy of the photons which make up the radia- 
tion). Assuming that the particle is ultrarelativistic (its energy 
Eg > mc?) and that it collides head-on with the photon, find the 
particle energy change Eg — E = AE and the energy of recoil w 
of the photon. Assume that the energy Awo of the photons (before 
collision) is small compared with hw. Analyse the result. What is the 
energy fiw, if the particle is an electron with energy Eo = 2:5 
x 10? eV and wo = 1 eV. 
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478. An electron with energy Ey > ric? is scattered by a photon 
with energy fiw) « mc?. Under what circumstances does the energy 
of the photon satisfy the condition hw < mc? inaco-ordinate system 
in which the electron is at rest? 


479. What energy losses are sustained by an ultra-rcelativistic 
electron as a result of its "friction" in a radiation field (they arc 
usually called “Compton losses"; see Problem 478). Assume that 
E < (mc?)?|4hog. Take account of glancing collisions by dividing 
the losses by 4. 


480. An electron with energy Eg = 10!? eV starts to move at the 
instant f = Oin a field of black-body radiation with energy density 
Wn = 1 eV cm~? and the temperature of the Sun. What will be the 
energy of the electron after 109 and 108 ycars? 


481. An electron with initial energy Ey = 101? eV moves from 
the galactic space in the direction of the Sun's centre. What energy 
does the electron lose on the way to the photospherc as a result of 
“Compton” losses? 


482. The effect of a medium on the propagation of light can be 
taken into account by introducing a refractive index n. If we avoid 
going into details about the mechanism of the phenomena, we can 
introduce the same concept for describing the quantum properties 
of light in a medium. We obtain agreement with experiment by 
supposing that the quantum momentum is p = /mn/c, and the quan- 
tum energy E = hy (instead of p = hrc and E = hy in vacuo). Use 
these relationships to derive an expression for the Doppler effect 
when a source moves in a medium with a non-relativistic velocity. 


483. Do the same for sources moving with relativistic velocities. 
Investigate specially the case when the source velocity exceeds the 
phase velocity of the emitted light in the medium. 

484. Investigate the nature of the dependence in the previous 
problem of the frequency of the emitted light on the angle O as 
B > 1 for two cases: (a) n > 1, (b) n < 1. 

485. Use the result obtained from Problem 483 to find the con- 
dition under which Cherenkov radiation is obtained, and the con- 
nexion between the direction of this radiation and its frequency v. 


486. Anelectron movesin a dispersive medium with continuously 
increasing velocity. At what frequency does Cherenkov radiation 
begin? Neglect absorption. 
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487. An electron moves in a medium without dispersion with 
continuously increasing velocity. Atwhat frequencydoesCherenkov 
radiation begin? 

488. A particle moves in a medium parallel to the axis ofa narrow 
cylindrical channel. What are the sectional dimensions of the chan- 
nel if the radiation intensity in the Cherenkov and Doppler effects 
is of the same order as when the motion occurs in a continuous 
medium? 


489. A particle moves uniformly in a medium in which, by radiat- 
ing a photon, it can transmit energy //iog and momentum //ike, 
where / = 0, +1, +2, etc. (Such a situation is obtained for in- 
stance if the particle moves in a medium, the dielectric constant of 
which varies according to the law £ = &g + €, cos [wot — (ko: r)], 
Eq > |é,|.) Find the frequency w of the wave which is radiated under 
these conditions at an angle O to the direction of the particle veloc- 
ity v. 

490. Are there conditions (and if so, what) under which it may 
be expected that Cherenkov radiation will occur when electro- 
magnetic waves are propagated in a medium? 


491. An X-ray quantum (frequency wọ, wave vector kọ) is pro- 
pagated in a medium, and forms as a result of scattering an X-ray 
quantum and a soft (optical) photon of frequency 2 and wave 
vector K (such Raman scattering is only possible when there is an 
interaction between radiations of different frequencies, i.e. it is a 
non-linear effect). Find the angle at which the soft quantum is 
emitted. 


492. For an extraordinary wave in a uni-axial crystal (refractive 
index n? = £j €, (e, sin? ® + e, cos?0)^! ;e, > 0;e, < 0), find the 
conditions for excitation of: 

(1) Cherenkov radiation for a charge moving with constant veloc- 
ity v along the optical axis of the crystal; 

(2) (a) the normal Doppler radiation of frequency w, 

(b) the anomalous Doppler radiation of frequency o (both (a) 
and (b) for a particle oscillating in an external field of frequency 2 
and moving with constant velocity v along the optical axis of the 
crystal). 

(3) Find the conditions under which anomalous Doppler radia- 
tion exists but Cherenkov radiation is absent, for a charge moving 
with the same velocity as the oscillator. 
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493. An atom moves along the axis of a narrow channel in a 
non-dispersive medium with a super-velocity of light. It is initially 
in its ground state. What will be the energy level of the atom after 
traversing a very long path? 


494. Find the wavelength change in the Compton effect, if the 
Observation is carried out perpendicularly to the direction of the 
primary radiation beam. 


495. Find the angle between the direction of motion of a recoil 
electron and the direction of the primary quantum, if the quantum 
is scattered at a right-angle (p = 2/2). 


496. What is the energy acquired by the recoil electron under the 
conditions of the previous problem? 


497. Find the maximum wavelength change when light is scat- 
tered by protons. 


498. What is the change in wavelength of the light radiated by a 
hydrogen atom asa result of recoil sustained by the nucleus (proton) 
from the incident light quantum? (See also Problems 658 and 659.) 


499. According to classical electromagnetic theory of light, the 
light energy flux from a source is propagated continuously in all 
directions. According to this theory, how long does it take an 
individual atom of a tantalum cathode to collect enough energy for 
release of a photoelectron to be possible, if the cathode is 10 m 
from a 25-W lamp? The work function of tantalum is about 4 eV. 
Assume that the photoelectron receives all the energy stored in the 
tantalum atom, the diameter of which can be taken as about 3 À. 


500. Assuming that electromagnetic energy is propagated in 
accordance with classical theory and not in the form of quanta, find 
thetime required for a copper atom to accumulate the energy needed 
for release of a photoelectron of the K-shell under the action of 
hard X-rays. Assume that the atom absorbs all the incident energy. 
The atom cross-section is ø = 10-15 cm?. The X-ray flux is S = 
2x 10° ergcm-?sec^! (the value of S corresponds to the radiation 
obtainable from modern X-ray tubes). The K-series of copper (Cu) 
is excited by electrons with energies not less than 8:86 keV. 


501. Light quanta possess mass as well as inertia. It follows from 
this that, when the spectral lines radiated by heavy bodies (stars) 
are observed on the Earth, there must be a red-shift. Find the gravi- 
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tational frequency shift in the general form (when light is pro- 
pagated betwcen points 1 and 2 in a gravitational field) when the 
light from stars is observed on the Earth. (See also Problem 663.) 


502. Calculate the red shift ofthe D-lines of sodium (Na) emitted 
on the sun. The mass of the Sun is M = 1:99 x 10?? g, its radius 
R = 696,000 km. 


503. Under certain conditions a star can pass to the neutron 
state, i.e. become a neutron star, consisting practically of neutrons 
only. Regarding the mass of a neutron star as equal to the Sun's 
mass (Mo = 2 x 10?? g), and the average distance betwecn neutrons 
as 3 x 10-P? cm, find approximately the gravitational shift in the 
wavelength of the radiation emitted from the surface of the star. 
Regard the density of the star as constant throughout its volume. 


504. Find the deflexion of a light ray when it passes close to the 
sun, using classical non-relativistic theory. 
Hint. See Problems 501 and 502. 


505. The theory of liquids and solids introduces the concept of 
sound quanta (phonons), which are the analogues of photons. Use 
the analogy to express the energy E and momentum p of a phonon 
in terms of the frequency v,e and velocity of propagation vae of 
acoustic waves. 


506. Obtain the formula for the fine structure of the Rayleigh 
scattering lines by starting from the concepts of phonons and pho- 
tons. 


507. Find the de Broglie wavelength corresponding to an elec- 
tron with energy I, 10* or 105 eV. Neglect any corrections con- 
nected with the theory of relativity. 


508. Find the de Broglie wavelength for electrons with energies 
105, 10!? and 10!5 eV, taking into account the dependence of the 
mass of the clectron on the velocity. 


509. Find the de Broglie wavelengths 4, and 2, of hydrogen and 
mercury atoms with energies of 1 and 109 eV, and the wavelength 44 
for these atoms when moving with the average thermal vclocity 
at 0°. 


510. Find an expression for the refractive index of electronic 
waves in terms of the work function Uo = eV, (V, is the internal 
potential of the crystal). 
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511. Show that the refraction law sin g/sin v' = u holds when 
an electronic wave is refracted. 

Hint. Only the normal component of the electron velocity changes 
on penetrating into the crystal. 


512. What modification is required to the Bragg formula when 
account is taken of wave refraction at the crystal surface? Assume 
that the reflecting plane is parallel to the surface. 


513. Find the internal potential of silver, if à = 28? for electronic 
waves (V — 100 V) when undergoing fourth order reflexion from 
the (001) facc. The lattice constant for silver is a — 4:0776 À. 


514. What is the effect on the Laue condition for diffraction of 
electronic waves in a spatiallattice, when account is taken of refrac- 
tion? Confine the discussion to a crystal of cubic structure and 
assume that the (001) plane is parallel to the crystal surface. 


515. Starting from the requirement that the group velocity of the 
de Broglie waves be equal to the velocity of the particle motion, and 
using Rayleigh’s formula, connecting the phase and group velocities, 
determine the phase velocity w of these waves, and find the con- 
nexion between the energy E of the particle and the frequency v. 


516. Find the change in the momentum of anelectron, introduced 


Fic. 14 


by measuring its co-ordinates with the aid of a microscope (aper- 
ture «) (Fig. 14). 
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517. Find the connexion between Ap, (see the previous problem) 
and the error in determining the co-ordinates of anelectron with the 
aid of a microscope. 


518. Taking the wave properties of the electron into account, 
find the connexion between the errors Ap, and 4x when measuring 
the momentum and co-ordinates of an electron, if 4x is determined 
by the width d of the slit through which the electron beam passes 


(Fig. 15). 


Fic. 15 


519. The position of the centre of a sphere of mass 1 g and the 
position of an electron are known to an accuracy of 0-01 cm. Find 
the least error with which the velocity of the sphere and the electron 
velocity can be determined. 


520. Estimate the error in measuring the velocity of the electron 
of a hydrogen atom. 


521. Find the order of magnitude of the radius and energy of a 
hydrogen atom in the ground state by using the Heisenberg prin- 
ciple. Estimate by the same method the size and energy ofthe ground 
state of a diatomic molecule, which can be regarded approximately 
as a linear oscillator with natural frequency o and reduced mass u. 


522. The ideas of a plasma can be applied within limits to the 
solid state. What is the plasma frequency v in metals with one free 
electron per atom? What is to be expected from the quantum point 
of view as regards the possible values of the energy of the plasma 
waves? Find the frequency v and energy loss E on excitation of 
plasma waves in copper (atomic weight A = 63:57, density 
o = 89 gcm^?). 
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$11. NUCLEAR PHYSICS 


523. How much water is needed to fill a 10-litre cloud chamber 
with saturated vapour at 23?? (See Table I, page 234.) 


524. Find the temperature f, in a cloud chamber immediately 
after its rapid expansion. The chamber is filled with a mixture of 
air and water vapour, for which y = cj/c, = 1:4. The wall tem- 
peratureis /, = 20°, the expansion coefficient isk = V,/V, = 1:25 
(V, is the initial, V, the final volume of the chamber). 


525. The supersaturation S in a cloud chamber is defined as the 
ratio of the vapour density o, immediately after expansion (but 
prior to condensation) to the saturated vapour density o; at the 
temperature 7, also immediately after cxpansion. Find the expres- 
sion for the supersaturation as a function of the partial pressures p, 
and p, of the vapour before and after expansion, the expansion co- 
efficient k = V,/V, and the specific heat ratio y = c,/c, ofthe mix- 
ture. 


526. If y, and y, are the specific heat ratios c,/c, for the gas and 
vapour in a cloud chamber, the coefficient y for the mixture can 
be determined from the formula 

1 l 1 $ 
Dd pq l1 p 


yel Yo—1 p yy p 


$ 


where p, and p, are the partial pressures of the gas and vapour, and 
p = Pa + p,. The cloud chamber operates with a mixture of air 
and water vapour. Find its supersaturation for (1) p = 20 cm Hg, 
(2) p = 1140 cm Hg. The initial temperature of the chamber is 25°; 
the expansion coefficient k = 1-2; ya, = L:4; yg,o = 1:3. Find the 
supersaturation at the same pressures when alcohol is used instead 
of water vapour. 


527. When the expansion coefficient (in the vapour-air sys- 
tem) exceeds 1-37, a thick fog appears throughout the cloud cham- 
ber even in the absence of an ionising source, which then settles 
down. Find the supersaturation corresponding to this expansion if 
the initial temperature is /; = 20°, and y = 1:374. 


528. In the case ofa liquid water bubble chamber, determine the 
radius of the bubble which is in a state of unstable cquilibrium (the 
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so-called critical radius R,,), if the surface tension of liquid water 
is o = 0:97 dynecm^!, the liquid pressure is p, = 1 kgcm~?, the 
liquid water saturated vapour pressure at the chamber temperature 
(27°K) is p, = 6 kgcm?. 


529. According to modern theory, the formation of bubbles 
along the track of a charged particle in a bubble chamber is due to 
ó-electrons with energies sufficient for the formation of a bubble 
of critical radius, but not large enough for their range to exceed the 
critical radius. Find the minimum energy in a propane bubble 
chamber at T = 328°K and pressure p, = 5 kgcm"?. The surface 
tension of propane is o = 4-46 dynecm^!, the corresponding satur- 
ated vapour pressure is p, = 15 kgcm~?, the molar heat of vaporisa- 
tion of propane is q = 3-9 cal mol^!. Neglect the work of expand- 
ing the bubbles. 


530. Sharp breaks are sometimes observed at the end of straight 
tracks due to the collision of a-particles with the nuclei of atoms. 
Usually one out of a 100 a-particle tracks has a break. About 
3 x 10? cloud droplets are formed along the track of an a-particle, 
of which about one third result from the primary transmission of 
energy to the electron of an atom. Find the probability of collision 
of an a-particle with a nucleus. 


531. In comparison with a-particles (see the previous problem), 
B-particles form much thinner tracks in a cloud chamber (about 
50 ions per centimetre length). The tracksof f-particles show discon- 
tinuities. The tracks of slow f-particles are unusually twisting. 
Determine from Photograph I the tracks of the «-particles, and 
of the fast and slow f-particles. 


532. Photograph II was taken in a cloud chamber situated in a 
magnetic field. Lead foil was subjected to trans-irradiation by y-rays 
with energy 17 MeV. Determine the particles observed in the cham- 
ber, and the direction of travel of the y-quanta. 


533. Photographs III and IV are of a cloud chamber filled with 
helium and operating in the y-radiation beam of a synchrotron 
with energy not greater than 150 MeV. Determine the particles 
whose tracks are recorded on these photographs. 


534. Photograph V was obtained in a cloud chamber in a mag- 
netic field of 18,000 oersted. The tracks marked by arrows are 
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caused by electrons. What sort of particle produces the central 
track? 


535. A cloud chamber is used in an attempt to discover double 
f-decay in Ca^*. A fairly thin specimen of calcium weighing 5 g, 
enriched 85 per cent by the isotope Ca*?, is mounted in the cham- 
ber in such a way that events occurring during the 0-15 sec period 
ofthe photograph can be recorded. The geometricalefficiency ofthe 
device is 3/4. Find how many photographs have to be taken in 
order to verify that the half-period of this decay process exceeds 
10!? years. 


536. A propane bubble chamber ismountedinthebremsstrahlung 
beam of a betatron in order to study the photofission of carbon into 
three «-particles. Determine the cross-section o of the process, if the 
beam of y-rays passes along the diameter D — 20 cm of the cham- 
ber, the beam cross-section in the chamber is S = 3 mm?, the 
density of propane (C3Hg) is o = 0:33 gem-3, the number of 
effective quanta in the acceleration pulsc is f = 3 x 10*, the number 
of photographs taken K = 9300, the number of recorded cases of 
photofission n = 1000. 


537. Find the energy E of an electron if the radius of curvature o 
of its track in a cloud chamber situated in a magnetic field 
H = 10,000 oersted, is 2 m. 


538. Find the kinetic and total energies of a proton from the 
curvature of its track in a cloud chamber, situated in a magnetic 
field H = 10,000 oersted, if the measured sag of a segment with a 
chord a = 20cm is h = 2-5 mm. 


539. If the mass of a particle carrying a single charge substantially 
excceds the mass of an electron, and its energy is not very large, 
(less than 10!? eV for a proton and less than 10!? eV for a meson), 
the ionisation loss (— dE/dx)jo, is independent of the mass and is a 
function of only the velocity of the particle: 


(— dE/dx)ton = f[BK(1 xs p?)'^?]. 


Thcvalues of f aregivenat the end of the book in Table II (page 234). 

Measurement of the track of a meson in a cloud chamber in a 
magnctic field showed that Hr = 0:6 x 10° ocrstedcm, where H 
is the field-strength and r the radius of curvature of the track. The 
meson produces 780 ion pairs per centimetre of air. Find the mass of 
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a meson, if an energy of 32 eV is required for the production of 
an ion pair. 

Find the mass of a meson for the following data also: (— dE/dx) 
of 10? electron Volts per centimetre of air. (1) 12:5; (2) 7:5; (3) 
15-0; (4) 25. 

H +r oersted cm: (1) 1-1; (2) 1-47; (3) 0:96; (4) 0555. 

Hint. Use Table II (page 234) to solve the problem graphically. 

540. The range of a particle is 


dE _ dE M P p 
uem j( —& m°\ = po^ 

dx ion ( = p 
where M is the mass of the particle, m 1s the mass of an electron 
(see the previous problem). The function g is given in Table III 
(page 235) at the end of the book. By measuring the range R and 
track curvature r in a cloud chamber, find the mass of the particle 
for the following data: 


Hr x 10* oersted cm (1) 5:5; (2) 5:5; (3) 3:87; (4) 1:74. 
R centimetres in air (1) 18; (2) 4; (3) 6:5; (4) 770. 


Hint. Solve the problem graphically by using Table III. 


541. To measure the mass of a particle, a cloud chamber is parti- 
tioned by a lead sheet. The track curvature in a magnetic field is 
measured before and after passage through the lead sheet. The 
quantity [(Hr), — (Hr);]lAx = d(Hr)/dx is calculated, where the 
indices 1 and 2 refer to the product (Hr) obtained before and after 
passage through the sheet. The results are set down in the following 
table: 

(Hr) average x 10? oersted - cm (1) 2:20; (2) 3:27; (3) 6115. 
d(Hr)|dx x 155 oersted (1) 2:67; (2) 0:67; (3) 0:522. 
Use Table V (page 235) for the function d(Hr)/dx = Bf/e (see Prob- 

lem 539) to find the mass of the particle. 


542. When ionising particles pass through a photographic emul- 
sion they act on the silver bromide crystals in such a way that, after 
developing, they form a series of black grains of silver halide along 
the track of the particle. The grain density depends on the type of 
emulsion and the method of developing, and increases as the specific 
energy loss of the particle increases. At velocities v < c, we have 
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approximately: 
_dE | 4aZ?eN 
Ex 2 


dx mv 


> 


where Ze is the charge on the particle, v is its velocity, N is the 
number of atoms per cubic centimetres, mis the mass of anelectron. 

(a) How is the direction of the particle motion determined from 
its track in the emulsion? 

(b) How are the specific energy losses of protons, deuterons and 
a-particles related, given equal velocities, or alternatively, equal 
energies? 

(c) Protons, deuterons and a-particles have the same 100u range 
in an emulsion. What are their relative specific energy losses at the 
start of the path? (Use Table IV, page 235.) 


543. The range of a charged particle in a substance is given as a 
function of its velocity by 


R= 





nA &(»), 

where M is the mass of the particle, Z is its charge, expressed in 
elementary charges, v is the velocity of the particle, m is the mass of 
an electron, g(v) is a function which depends neither on the charge 
nor the mass (see Problem 540 and Table IV). 

(a) The tracks of protons, deuterons and tritons in an emulsion 
have the same number of grains over equal pieces of track. How are 
the residual ranges and energies of these particles related? 

(b) The range-energyrelationship isknownfor protons(TableIV). 
Find the range-energy relationship for tritons in the same sub- 
stance. 

(c) The dependence of the number N of grains (over a section c) 
on the range R, and E = f(R), are known for protons. How can the 
energy of deuterons and tritons be determined when their tracks 
do not terminate in the emulsion? 


544. A charged particle undergoes multiple scattering on its pas- 
sage through a substance. The mean value of the projection (on the 
plane of the photographic plate) of the multiple scattering angle 
over the section t is Ø = KZ Vz/pv, where K is a scattering con- 
stant, usually determined experimentally, Z is the charge on the 
particle (expressed in elementary charges), p and v are the momen- 
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tum and velocity of the particle. By measuring ® for a known par- 
ticle, we can determine its energy. If the particle energy is known, 


we can find its mass from a knowledge of Ð. 

Several tracks of unknown particles are recorded in photographic 
emulsions. How can the ratios of the masses of these particles be 
found, if their tracks terminate in the emulsion? (Use the method of 
scattering and the method based on grain counting.) 


545. What tests can be used to distinguish the tracks of slow z- 
and z+ mesons, terminating in the emulsion? 


546. Nuclear emulsions contain the light elements hydrogen, 
carbon, nitrogen, oxygen and the heavy elements silver, bromine 
(with about 0-6 per cent sulphur and iodine content). When investi- 
gating the interaction of particles with such nuclei, emulsions can 
be used as targets, which are simultaneously detectors of the 
charged products of the reaction. 

Photograph VIlillustrates the case of the decay of a light nucleus 
by a y-quantum into three identical particles. Determine the type of 
nucleus and the reaction process. 

Ina similar star, two tracks 1 and 2are established in an emulsion, 
their ranges being R, = R, = 15:3 u, whilst the angle between 
them is x = 75°. Track 3 leaves the emulsion. 

(a) Find the energy of the third particle and the energy of the 
y-quantum producing the decay. Neglect the momentum of the 
y-quantum, on the assumption that all three tracksare co-planar. 

(b) Suppose that the reaction proceeds in two stages: particle 3 
is first emitted and an intermediate nucleus is formed, then the 
intermediate nucleus splits up into particles 1 and 2. What is the 
intermediate nucleus and what is its excitation energy? 


547. The microphotograph (Photograph VIIT) shows a three- 
pronged star, formed as a result of the interaction of a y-quantum 
with deuterium, with which the photographic emulsion was filled. 
The energy of the y-quantum cannot exceed 250 MeV. As is clear 
from the photograph, particle 1 has formed a star at the end of 
its range (at the point K), and particle 2 has undergone elastic 
scattering at the point S. 

(a) Determine the reaction corresponding to the star in question. 

(b) What sort of nucleus has produced the scattering of particle 2, 
if it is known from the measurements that the angle between the 
tracks before and after scattering is 90°? (Would such an angle be 
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observed between the tracks if the scattering of particle 2took place 
at deuterium and the range of the deuterium after scattering proved 
to be twice the range of particle 2?) 


548. In a star (Photograph IX), recorded on electron-sensitive 
plates, a dense track is observed, belonging to Li? and ending in 
two a-particles, which branch in opposite directions (a hammer or 
T track). At the end of the Li? range an electron track is also 
observed. 


(a) What process has occurred at the end of the Li? nucleus 
range? What other nucleus could yield a similar track in the 
emulsion? 


(b) Determine the maximum energy of the electron, if Ea, = Ea, 
= 1:5 MeV. 


549. By using photographic emulsions which are insensitive to 
electrons, the absorption of slow z--mesons by Be? nuclei in the 
emulsion was observed. Photograph X illustrates one of the cases 
of absorption of a 2~-meson by beryllium, accompanied by nuclear 
splitting. At the end of the meson track, only a T track is observed 
(see the previous problem). Whatreaction has occurred? Determine 
the energy of the decay products. 


550. Photographic emulsions are often used as neutron detectors. 
Neutrons can be recorded from the proton recoil or from the char- 
acteristic reactions occurring when the neutrons react with elements 
specially introduced into the emulsion. 


(a) In the case of slow neutrons, the reaction with B!? and Li® 
nuclei, introduced into the emulsion, can be used. The following 
reactions are expected: 


Lig + n! > He2 + HÌ; B}? + n! > Lii + Hej. 


Find the total length of the «-particle and triton tracks in the first 
reaction and the energy of the a-particle and of the Li? nucleus in 
the second reaction. (Consider the case when the Li? nucleus is 
formed in the first excited state with excitation energy ~ 0-5 MeV.) 


(b) Fast neutrons are usually detected from proton recoil. What 
scattering characteristics must be measured in order to determine 
the neutron energy? (The direction of the neutron flux is usually 
known in the experiment.) 
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551. Photograph XI shows the microprojection of a star taken 
on an electron-sensitive pellicle stack. The star is induced by the 
cosmic particle P. The nuclear fission produces a K-meson, which 
splits up at the end of its travel into three z-mesons. The two 
z-mesons zt; and z, give a gu-e-disintegration at the end of the 
range. One a-meson x, passes 14,130 u through the emulsion, is 
absorbed by the nucleus and yields a star. The energies of the 
mesons zt; and z, werc found from the ranges (R,, = 6050 + 250 y, 
Rz, = 10,700 + 200 u): E,, = 17:06 + 0-85 MeV, E,,= 23-61 
+ 0:84 MeV. The energy of x, is obtained by the scattering 
method: R,, = 30:8 + 6 MeV. Find the charge and mass of the 
K-meson. 


552. The cosmic ray meson flux density at sea-level is 1 meson 
cm? min^!, and each meson produces 85 ion pairs per centimetre 
of path in air at normal atmospheric pressure. Calculate the current 
produced by mesons in a cylindrical ionisation chamber, radius 
20 em, height 30 cm, filled with air at 5 atm pressure. The chamber 
is mounted vertically. Assume that ionisation is only produced by 
mesons, incident vertically on the chamber. 


553. Find the number of cosmic particles passing through an 
ionisation chamber of 8 cm diameter, if the collector potential 
increment is 0:2 V. The chamber is filled with air at 1 atm pressure. 
The collector capacity is 10 pF. On the average one cosmic particle 
produces 60 ion pairs per centimetre path in air. The particles are 
incident perpendicular to the chamber axis. 


554. Findthe mean free path ofelectrons inthe operating volume 
of a chamber (the so-called “effective” depth of the chamber) if 
the angular distribution of the electrons incident on the chamber is 
isotropic. The geometrical depth of the chamber is d. 


555. A small gas cavity in the body of a material does not distort 
the angular and energy distributions of the secondary electrons 
produced in the material by y-radiation. The ionisation J, produced 
by the secondary electrons per cubic centimetre of the gas cavity 
is connected with the ionisation Zm produced per cubic centimetre 
of the material by /,=/,,/o, where o is the ratio of the stopping- 
powers of the material and the gas. Find the number of ion pairs 
produced per second in the operating volume of an ionisation 
chamber of depth 1 cm and area 25 cm?, if the radiation incident 
on the chamber is from a radioactive source Co$? of intensity 
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1-5 curie, at 1 m from the chamber. The chamber walls are of alu- 
minium, of a thickness exceeding the range of the secondary elec- 
trons of maximum energy. The coefficient of absorption of y- 
radiation in aluminium is 0-195 cm-t. The mean energy of the 
y-radiation is 1:7 MeV; the energy of formation of one ion pair 
in the gas of the chamber is 33:5 eV. 

Hint. 1f the secondary electron range is less than the thickness of 
the front wall of the chamber, the energies lost per unit volume by 
the y-radiation and the secondary electrons are equal. The ratio 
o & 0-88 n(Z)/n(gas), where n is the number of electrons per cubic 
centimetre. The chamber is filled with air. 


556. When using ionisation chambers in work on electron ac- 
celerators it has to be bornc in mind that the ion recombination in 
the chamber is determined in this case not by the average intensity, 
but by the intensity in the pulse, the length of which is usually of 
the order 10-5 sec. The degree to which the saturation state is 
attained in a plane-parallel ionisation chamber is now determi- 
ned by the equation Zhai = (1/u) In (1 + u), where u = 2-09 
x l0?xd?r[|V(k, + k;), « is the coefficient of ion recombination, 
k, and k, are the mobilities of the positive and negative ions, r is 
the intensity in r-units of the y-radiation in the pulse, d and V are 
the distance and potential difference between the chamber electro- 
des. Use this formula to find the maximum intensity that can be 
measured with the aid of an ionisation chamber in which the spacing 
between the electrodes is 1 cm and the field-strength is 3000 V cm~}, 
on condition that the 1onisation current must be not less than 
98 per cent of the saturation current. 25 pulses of y-radiation pass 
persecondthrough the chamber, « = 1:6 x 1076; k, = 1:3cmsec^! ; 
ka = Ll:8cmsec-!. 


557. Calorimetric methods are often used for determining the 
y-radiation intensity from strong radioactive sources and electron 
accelerators. A calorimeter suitable for these purposes consists of a 
lead cylinder mounted in an evacuated vessel on supports of negli- 
gible thermal conductivity (e.g. lucite). The cylinder dimensions 
must be such that the measured radiation is completely absorbed. 
Find how long it takes the calorimetcr temperature to changc by 5°, 
if its specific heat is 22 caldeg-!, and a Co$? source of intensity 
2 curies is placed inside the cylinder. Co$? releases an energy of 
2:6 MeV in one disintegration. 
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558. A polonium compound of intensity 0-1 curie is placed in a 
calorimeter of specific heat 1 caldeg-!. Find the temperature rise 
per hour, given that polonium radiates a-particles with an energy 
5:3 MeV. 


559. Determine the number of “effective” y-quanta in one pulse 
of a synchrotron, if the temperature rise in an hour of the calori- 
meter cylinder is 0-016°. The cylinder diameter is 11 cm, its length 
20 cm, and the synchrotron pulse frequency 50 sec-!. The maximum 
energy of the y-quanta spectrum is 200 MeV. The density of lead 
(or the cylinder) is 11-4 gcm^?, and its specific heat is 0:031 cal g—4 
deg^!. 

Note. The number of *'effective" y-quanta is usually defined as 
the ratio U/W, where U is the energy flux in the y-quanta beam, W 
is the maximum energy of their spectrum. 


560. The number of photons formed when a charged particle 
passes through a scintillation counter can be found from the 
formula p = EC/E,, where p is the number of photons, E is the 
energy lost by the particle in the crystal, E, is the mean energy of the 
spectrum of the radiated photons, and C is the counter efficiency. 
For anthracene C = 0:04, and the mean wavelength of the radiation 
spectrum is 4450 A. Find the energy involved when one photon is 
formed. 


561. Find the number of photons in a light pulse produced in a 
phosphor crystal Nal(TIl) by a relativistic proton, if the energy lost 
by the proton in the crystal is 2 MeV, and the efficiency and mean 
es of the radiation spectrum are respectively 0-084 and 
4100 A. 


562. Scintillation counters are used for recording X-rays and 
y-rays as well as for recording charged particles. Find the efficiency 
of the scintillation counter recording of y-quanta, if the efficiency 
for recording charged particles is 100 per cent (d is the thickness of 
the counter, p is the coefficient of absorption of the y-quanta). 


563. Due to the relatively high density o = 3:67 gcm^? and to 
the relatively high atomic number of iodine (Z = 53), Nal(TI) 
crystals are specially suitable for recording X- and y-rays. What is 
the intensity N, of a beam of y-quanta if 240 light pulses are pro- 
duced per minute in an Nal(Tl) crystal d = 2cm thick? The co- 
efficient of absorption of photons in the crystal is 0-126 cm^!. 
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564. A photomultiplier is used to record the light pulse in a 
scintillation counter. Find the size of the voltage pulse V at the 
multiplier output if n = 500 electrons are knocked out from the 
photocathode during a regular light pulse in the crystal. The multi- 
plication coefficient of the multiplier is M — 2 x 10$ and the 
anode-earth capacity is C = 10 pF. 


565. Find the voltage pulse amplitude of the photomultiplier 
output when fast electrons pass through an anthracenc crystal, 
given that each clectron loses 2-5 MeV in the process, and about 
70 per cent of the photons formed in the crystal are incident on the 
photocathode. The multiplier efficiency is C,, — 0-05. The re- 
maining characteristics of the multiplier and crystal are given in 
Problems 560 and 564. 


566. Pulses of amplitude V > 10 V are recorded at a photo- 
multiplier output. Find the minimum energy of a proton detected 
by the circuit if the photomultiplier efficiency is 0-07; the multi- 
plication coefficient is M = 107, the anode-earth capacity is 
8 pF, and stilbene is used as the phosphor (the mean wavelength of 
the radiation spectrum is 4 = 4100 A, the efficiency C = 0-024). 
About 65 per cent of the total number of photons formed during 
a light pulse is incident on the photocathode. 


567. During one discharge 10? electrons pass through a Geiger- 
Müller counter. Calculate the mean current through the counter if 
there are 600 discharges per minute. 


568. Find the threshold V ofthe proportionalregion ofa counter 
filled with argon at a pressure p = 60 mmHg. On reaching the 
threshold the electric field-strength close to the filament becomes 
such that an electron acquires over its frec path an energy sufficient 
for impact ionisation. The counter radius is rą = 1 cm, the filament 
radius r, — 0-005 cm. The mean range of an electron in argon at 
a pressure of 1 mmHg is Ay = 6:8 x 107? cm; the ionisation po- 
tential of argon is V, = 158 V. 


569. Find the voltage pulse amplitude from a proportiona] 
counter when (a) an a-particle with energy 3-5 MeV, and (b) a fast 
electron, passes through it. The counter has a diameter d = 2:2cm 
and is filled with argon at a pressure of 100 mmHg. The specific 
ionisation by fast electrons in argon is 70 ion pairs per centimetre at 
a pressure of 1 atm. The range of an a-particlein argon is 1-9 cm. 
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The mean energy of formation of an ion pair is 25-4eV. The 
counter gas amplification coefficient is A = 10*. The filament 
capacity is 15 pF. 

Hint. The mean path traversed by an a-particle in a counter is 
1-7 cm; the mean path traversed by an electron is given by / = zd[4. 


570. The resolving time of a counter is defined as the time it needs 
to return to the working state after a response. The resolving time 
of a scintillation counter is determined by the de-excitation time. 
Let N be the true number of particles passing through the counter 
per second, and n the number of responses per second obtained ex- 
perimentally from the counter. Find the counter resolving time v. 


571. The characteristic of a Geiger-Müller counter is found by 
using two radioactive sources of unknown intensity. Each source 
can be covered by a screen. When the first and the second source 
are covered in turn, n, and n; responses per second are recorded by 
the counter. When both sources are uncovered, 7,5 responses per 
second are obtained. Find the counter resolving time, if n, = 100, 
n5 = 155, my. = 248. 


572. A counter responds 1000 times per second. Its resolving time 
is 2 x 107* sec. Find the true frequency of the event investigated. 


573. The de-excitation time of stilbene is approximately t = 
7x 10-9 sec. The photomultiplier resolving time is 1:5 x 107? sec. 
Find the number of pulses n of the multiplier output, if the den- 
sity of the electrons incident on the stilbene is N = 5x107 
electronsec^!. 


574. The resolving time of a counter is 7, = 3 x 107? sec, and 
of the recording device, v; = 2:5 x 1074 sec (t2 > 7,!) Find the 
number of recorded particles if the number of particles incident on 
the counter is N = 5x 10? sec. 


575. Two identical counters are connected in a coincidence 
circuit, i.e. the only events recorded are those when ionising 
particles pass simultaneously through both counters. Let the re- 
solving time of the counters be v, the average number of particles 
passing through the first counter 7,, and through the second nz. 
Find the number of random coincidences. 


576. Two coincidence-connected scintillation counters are placed 
in a beam of statistically distributed particles (e.g. in a beam of 
photons from an electron accelerator target), Find the mean 
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intensity of the beam if the number of responses of the coincidence 
circuit is2 x 10* pulses per second, and the resolving time of the 
circuit is 107? sec. The scintillation counter recording efficiency is 
100 per cent. 


571. The cosmic radiation noise in a counter of average size is 
40 pulses per minute. A very weak radioactive source gives 5 pulses 
per minute. How many responses are required from the counter in 
order to find the radioactive sourceintensity to 10 percent accuracy? 


578. The background of a Geiger-Müller counter is 92 re- 
sponses per minute. When a radioactive source is present the counter 
responds 260 times per minute. How should be measurement be 
carried out if the relative error is not to exceed 4 per cent? 


579. Coincidence circuits are often used nowadays for reducing 
theeffect of background when counting relatively infrequent events. 
Let the number of particles recorded per second be 50, and the 
number of background pulses be 105. To reduce the effect of the 
background on the results of measurements, two scintillation 
counters with a resolving time of 10-? sec are connected in a 
coincidence circuit, the arrangement of the counters being such that 
particles which are to be recorded pass through both. The particles 
that produce the background are recorded as random coincidences. 
Find the relative shortening of the measurement time if the ex- 
perimental error is not to exceed 10 per cent. 


580. What is the least radiation frequency v capable of positron- 
electron pair production? What is the energy € of a quantum of 
this radiation? 


581. (a) What is the maximum kinetic energy Emax of a positron 
pair formed by a y-quantum with energy E = 150 MeV? (b) What 
is the maximum energy Emax of the bremsstrahlung of an electron 
with energy E = 80 MeV? 


582. What are the velocities of a positron, proton and a-particle 
having energy 1 MeV? 


583. What velocity V is acquired by an RaB nucleus, resulting 
from the decay of RaA, if the energy of the «-particles radiated 
during the decay is 4-7 MeV? 


584. Find the energy carried away in an hour by a-particles re- 
sulting from decay of 1 g radium, if the velocity of Ra a-particles 
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is 1-51x 10? cmsec-!, and the half life is 1550 years for radium. 
Take no account of the decay products. 


585. A radium drug weighing 1g is enclosed in an envelope 
opaque to a-particles. How much heat Q is released in an hour in 
the drug and envelope? 

Hint. Take into account the nuclear recoil. 


586. A betatron is a device for obtaining high energy charged 
particles. A vacuum chamber in which a particle can rotate freely 
in a circle is mounted between the poles of an electromagnet, the 
excitation current of which can be varied in time in accordance 
with a given law. The acceleration is achieved by the rotational 
electric field produced by the variation of the magnetic field. Show 
that, if the magnetic flux ®(R) through the particle orbit at each 
instant is twice 7R?H(R), where R is the orbit radius, and H(R) 
is the magnetic field in the orbit, then the orbit radius will be 
constant. Show that, if O(R) > 2z R?H(R), the orbit radius will 
increase, whilst if Ø(R) < 2zR*H(R), the radius will decrease. 
Assume for the proof that the magnetic field depends only on the 
radius R, and that the orbits are circles whose centres lie on the 
axis of symmetry. 


587. Prove that the charged particle orbits in the previous prob- 
lem will be stable in a radial direction if the magnetic field de- 
creases from the periphery in accordance with the law 1/R", where 
n « 1. Prove the more general assertion that the motion in a radial 
direction is stable if —(R/H)OH|OR <1, where H(R) is any 
magnetic field with an axis of symmetry. 


588. Show that, in a magnetic field with axial symmetry (as 
in a betatron, see Problem 586), motion round circles with their 
centres on the axis of symmetry ofthe field will be stable in a vertical 
direction (i.e. in the direction of the axis of symmetry), if the 
magnetic field diminishes from the periphery, and will be unstable 
if the field increases from the periphery. 


589. In a betatron, the position of the equilibrium orbit Ro, 
satisfying the condition Ø(Ro) = 2x R2 H(Ro) (see Problem 586), 
corresponds to a minimum of the rotational electrical field &. 
Prove this property and show that it can be used for finding the 
equilibrium orbit in a betatron. 
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590. When an electron moves round a circle it radiates electro- 
magnetic waves and loses energy (4ze?/3R) (E/moc?)* in one com- 
plete revolution, where R is the orbit radius, E is the energy of the 
electron, Mo is the rest mass of the electron. Calculate the energy 
loss of an electron per revolution in a betatron at 100 MeV at the 
end of the acceleration process, if the orbit radius is 80 cm. Find 
for what energy the radiation loss per revolution is equal to the 
energy acquired from the rotational electric field, if dH(t)/dt 
= 2x 10° oerstedsec-!(H(f) is the field at the electron orbit). 

591. In a cyclotron ions are whirled round in a magnetic field and 
are accelerated in the gap between two accelerating electrodes, 
called dees (Fig. 16). For resonance acceleration the frequency of ion 





rotation and the electric field frequency must coincide. The ion 
rotation frequency does not remain constant, however, since the 
mass of the ion increases in accordance with the Einstein equation 


m = mo/V1 —(v?|c?). Detuning therefore occurs in a cyclotron, 
and the ions cannot attain a very high energy. The maximum energy 
is obviously obtained if the detuning, i.e. the difference between the 
frequency of rotation and the accelerating field frequency, is a 
minimum. Suppose that the cyclotron magnet produces a con- 
stant field of 15,000 gauss and the magnet radius is 65 cm. It is 
proposed to accelerate protons in the cyclotron. How must the 
accelerating field frequency be chosen so as to obtain a minimum 
average detuning in the cyclotron? 


592. To prevent detuning in a cyclotron (see the previous prob- 
lem) a slow variation of the accelerating field frequency was pro- 
posed. This type of accelerator is called a phasotron (or synchro- 
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cyclotron). What should be the law of variation and the percentage 
frequency change of the accelerating field when accelerating deu- 
terons up to 200 MeV? The magnetic field is 15,000 oersted. On the 
average a deuteron acquires an energy of 15,000 eV per revolution. 


593. To prevent detuning in an accelerator of the cyclotron type 
(see Problem 591), the magnctic field can be varied with time. The 
frequency of rotation of the particle now remains constant. Such 
an accelerator is called a synchrotron. Find the variation in the 
radius in a synchrotron in a magnetic field which is spatially uni- 
form and varies in time according to H(t) = Ho sin Qt. The 
electric accelerating field frequency is wọ, and the intrinsic energy 
of the accelerated particle is Es. 


594. The magnetic field in a 72 MeV synchrotron varies sinusoi- 
dally at 50 c/s. The magnetic field-strength is 8000 oersted. Up to 
2 MeV the electrons are accelerated in the betatron mode in an 
orbit of radius 29-4 cm. An accelerating electric field of frequency 
€ = 10? sec~ is then switched on. The central core which pro- 
duces the initial acceleration in the betatron mode becomes satu- 
rated, and acceleration proceeds by virtue of the electric field of 
the accelerating dee gaps, i.e. in the synchrotron mode. Find: (1) the 
orbit radius variation during the synchrotron mode; (2) the instant 
corresponding to passage from the betatron to the synchrotron 
mode; (3) the electron trajectory length in the betatron and syn- 
chrotron modes, if the particles have an initial energy of 13,600 eV 
when they start to accelerate in the betatron mode. 


595. A coincidence method (see Problem 575) is sometimes em- 
ployed in investigations into accelerators. In a betatron or phaso- 
tron the beam leaves in short pulses, the frequency of these pulses 
bcing equal to the accelerator magnetic field frequency in the case 
of a betatron and synchrotron, and to the number of cycles of high 
frequency modulation in the case of a phasotron. 

Determine the number of random coincidences per second for 
two counters placed ncar a betatron operating with a magnetic 
field feed frequency of f c/s. The coincidence circuit resolving time 
is t sec, the number of pulses per sec in each counter is N, and N3, 
the y-ray beam pulsc length is ¢ sec. The resolving time T of the 
counter itself is much grcater than t and thc y-ray pulse length. 
Consider the following cases: (1) £ = 2v; (2) t > 21; (3) t < 2x. 
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596. If the accelerating electric field frequency and the magnetic 
field are both varied simultaneously in an accelerator of the cyclo- 
tron type, it is termed a synchrophasotron or proton synchrotron. 
Find the connexion between the magnetic field H(t) and the circular 
frequency o(t) of theelectric field, such that acceleration proceeds 
in an orbit of constant radius R = Ro. 


597. Determine the mean energy acquired by a proton per rev- 
olution in a synchrophasotron. The orbit radius is 4-5 m. The 
magnetic field increases proportionally to the time up to 15,000 
oersted after 1 sec. The calculation can neglect the effect of the 
rotational electric field. Find the maximum energy which is attained 
in this accelerator, and the length of path traversed by a proton, 
if the initial energy is 4 MeV. 


598. Determine the law of variation of the frequency in the 
10,000 MeV synchrophasotron (see Problem 596) of the Dubna In- 
stitute for Nuclear Studies. The proton trajectory consists of four 
arcs each of radius 28 m and length 44 m, joined by straight inter- 
vals of 8 m. The initial energy of the protons is 9 MeV. The ma- 
gnetic field increases linearly in time from 0 to 13,000 oersted after 
3:3 sec and drops as the orbit radius increases according to the law 
~ R-?/3, Find also: (a) the magnetic field at the start ofthe accelera- 
tion process, (b) the change in the trajectory if the accelerating field 
frequency deviates by 0-2 per cent from the correct law (at the 
start of the acceleration process). 


599, A relativistic particle of mass m radiates electromagnetic 
waves when it moves in a uniform magnetic field, with the result 
that it loses the following energy per unit time (for E > mc?): 


2 2 2 2 
ECC E H? E \ = 098- 10-3H} ELA eVsec !, 
dt 3 \ me? mc? mc? 


where H, is the magnetic field-strength perpendicular to the 
particle trajectory, and E is the total energy of the particle. Find 
the radiation energy-loss at the end of the acceleration process in 
the synchrophasotron described in the previous problem. 








600. When accelerating in vacuo, a relativistic charged particle 
radiates electromagnetic waves, mainly in the direction of its 
velocity, in a cone of angle 9 ~ mc?/E = V1 — v?[c?, where m is 
the rest mass of the particle and E is its total energy. 
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. (a). What is the nature of the magnetic bremsstrahlung (syn- 
chrotron radiation) of a superrelativistic electron (E/mc? > 1) when 
it moves in a magnetic field H? 

(b). What is the frequency spectrum of the radiation and where 
is its maximum when the motion is round a circle (i.e. when v L H)? 


601. What wavelength is radiated by electrons with energies 
10? and 3-10'* eV, forming part of cosmic radiation, when they 
move in the interstellar magnetic fields (field-strength H ~ 3 x 
107$ gauss). 


602. What is the polarisation of magnetic bremsstrahlung? 


603. A linear particle accelerator has the following construction. 
An ion beam passes inside collinear tubes of different lengths. Ac- 
celeration takes place in the gaps between the tubes (Fig. 17). The 
tubes are connected alternately to opposite terminals of a generator, 
so that at any given instant the potential difference in the even 
gaps is Vo cos Qt and in the odd gaps, — Vo cos Qr. If the ions 
enter the accelerator with initial energy Winn and the total length 
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of the gaps is 25 per cent the length of the tubes, calculate the total 
tubelength required. Considerthe40 MeV linearproton accelerator: 
Wa = 4 MeV, Q = 12:56 x 108 sec-?. The proton acquires 
1 MeV on passing through each accelerator gap. 

604. In modern linear accelerators (see Problem 603) the tubes 
arc not connccted to the generator terminals. Instead, they are 
mounted ina resonator in which an in-phase elcctric field is excited, 
directed along the tubes. What modification is needed in this case 
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to the tube lengths, as compared with the old type of accelerator, 
considered in Problem 603? 


605. The most popular of the modern types of linear accelerator 
is the travelling wave type. Imagine an electromagnetic field prop- 
agated along the z axis, the electric field axial component being 
E,. Let a charged particle move along the same axis. If the particle 
velocity differs substantially from the wave velocity, the particle 
will encounter different phases of thc electric field E, as it moves 
along, and will be slowed down as well as accelerated, so that on 
the whole there is no gain in energy. When, however, the wave 
phase velocity is equal or close to the particle velocity, the particle 
may be in roughly the same phase as the wave for a long time, and 


waveguide (a hollow pipe) by mounting inside it diaphragms with 


will be accelerated. A wave of suitable type can be obtained in a 
apertures on the axis (Fig. 18). The phase velocity of the wave de- 
pends on the spacings between the apertures. 
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Find the phase velocity as a function of the distance from the 
input aperture of the accelerator. What must be the relative vari- 
ation in the phase velocity for resonance acceleration of protons 
and electrons from 4 to 1000 MeV? 

606. Use the general theorem of clectrostatics to the effect that 
stable equilibrium ofelectrostatic systems is impossible to prove the 
absence of stability in linear travelling wave accelerators in at least 
one of two directions: either in the direction of the tube axis or 
in the perpendicular direction. 


607. In linear travelling wave clectron accelerators the wave 
propagation velocity is sometimes chosen constant, equal to the 
velocity of light. Suppose that the electrons enter with energy 
4 MeV and start to move in the wave crest of field-strength 
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ĉo = 20 kV cm^!. The wavelength is 1 m. When the acceleration is 
up to 100 MeV, what is the distance of the electrons behind the 
wave? Assume for simplicity that the field-strength in the wave has 
a rectangular instead of sinusoidal time variation, i.e. the field- 
strength always has one of two values: € = +69. 


608. A "'strong-focusing" method can be used to increase the 
focusing forces in accelerators and thereby ensure the motion of 
the charged particles along a given trajectory in the magnetic field. 
The magnet used for this purpose consists of 2N sectors of equal 
size; in the first half of the set of sectors the magnetic field increases 
in accordance with R”, and in the second half set it decreases in 
accordance with R-"(n > 0), where R is the distance from the 
centre of the magnet to the point in question. Sectors with different 
characteristics are arranged alternately. The magnetic field is thus 


Ro 
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independent of the azimuth on some circle of radius Ro (see 
Fig. 19, which shows the arrangement of the sectors). The arrows 
indicate the direction of the increase of the magnetic field, per- 
pendicular to the plane of the radius). Consider the motion of a 
particle at small deviations from the circular orbit of radius Ro, 
and find the stability condition for the motion, assuming n> 1. 


609. An isochronous cyclotron is one in which the particle rev- 
olution period round a closed orbit is independent of the particle 
energy. Show that it is possible to construct an isochronous cyclo- 
tron by using several magnetic sectors separated by gaps in which 
there is no magnetic field. The total length L along the orbit of 
these gaps increases from the magnet centre in accordance with the 
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formula 


L = 2xR ITE — i 
V1 + (eHoR/Eo)? 


where R is the radius of curvature of the orbit of a particle, of 
charge e and rest energy Eo, in a magnetic field of intensity Ho in the 
sectors, and T, is the given constant period of revolution. 


610. Find the dependence of the length of the “gaps” in an iso- 
chronous cyclotron (see Problem 609) on the radius R of the orbit 
in the sectors, if a small magnetic field is present in the “gaps”. 

Hint. The magnetic field in the gaps must be assumed uniform 
and equal to x Ho, where x < 1, and Hp is the magnetic field in the 
sectors. 


611.Incounterbeamaccelerators more efficient use is made of the 
particle energy, since the laboratory system is at the same time a 
centre-of-mass system and new particles of zero velocity can be 
created. 

The effective energy ofa counter beam accelerator is the particle 
energy in the system when one beam is at rest. 

Calculate the effective energy of the following counter beam 
accelerators: 

(1) 100 and 1000 MeV electron accelerators, 

(2) 10 and 100 GeV proton accelerators. 


612. Modern lasers enable powerful directional coherent light 
beams to be produced with a specific number of photons in focus 
exceeding the specific density of the electrons in a solid. A ruby 
laser radiates red light of wavelength approximately 6940 À (the 
photon energy ^ 1-78 eV). The laser light is focussed by an electron 
beam in a 6000 MeV accelerator, travelling towards the light beam. 
(This is equivalent to the Compton effect for electrons at rest.) 
What is the energy of the photons in the coordinate system in which 
the electrons are at rest? What is the electric field-strength in this 
system, if it is equal to 1 MV cm"! in the laboratory? 


613. Forcarryingoutexperiments on counter beams, it isdesirable 
to produce a magnetic field of such a configuration that particles 
of one sign can be rotated round similar orbits but in different 
directions, so that they often meet each other at nodal points. 
How can such a magnetic field be produced? 
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614. Show that a charged particle will undergo resonance ac- 
celeration through the action of a plane electromagnetic wave, 
propagated in the z direction and in a uniform constant magnetic 
field having only a component along the z axis, if the following 
resonance condition is satisfied: 

€Hy|/yomoc = of — A), 
c 


where Z, is the initial velocity component along the z axis, w is the 
wave frequency, mo is the rest mass, yop is the total initial mass, 


i.e. yo = 1/V1 — v3/c?, and v, is the initial velocity. 


615. For an absolute determination of the cross-section of the 
reaction 


1D? + iD? -— 1H? -+ 1H + 4-0 MeV 


in the energy interval 15-100 keV, a “‘thick” target of heavy ice is 
used (in which the deuterons are completely braked and stopped). 
The charge carried to the target by the deuterons is measured by a 
current integrator (a condenser which charges to a certain voltage 
then automatically discharges). The number of protons is deter- 
mined by a counter with a known effective solid angle 2 = 47/1000. 
The angular proton distribution is taken to be given by 


n(0) = n(90*) [1 + A cos? 6]. 


The quantity A depends on the deuteron energy (A is of the order 
0-2-0-4). 

(a) Find the angle 2o of the counter so that the total proton out- 
put can be calculated from the number of responses without 
knowing A. 

(b) Let N(E) be the total proton output per microcoulomb of deu- 
teron beam, where E is the kinetic energy. 


N(E) = 2:53 x 10? for E = 154 keV, 
NE) = 4:78 x 10° for E = 105-6 keV. 
Very roughly, 


46 


ME) = 42 x 10? e YE pourie? (E in keV). 
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The deuteron ionisation loss curve in heavy water is known and 
can be roughly approximated by 


(x) — 2:5 x 10!? ME 
dx ion 


(M is the number of D20 molecules per cubic centimetre). 
Find the effective reaction cross-section as a function of the 
energy. 


616. A hydrogen threshold neutron detector consists of an 
ionised chamber filled with hydrogen at such a pressure that the 
proton recoil range is much less than the chamber dimensions. The 
pulses are amplified and counted when they exceed a certain level. 
Find the detector sensitivity curve for neutron energies E > Eo (Eo 
is the threshold) for the following conditions: 

(a) the neutron scattering in hydrogen is isotropic in a proton 
and neutron centre of gravity system; 


(b) the scattering cross section o(E) is proportional to E-!/?, 


617. A fission chamber is an ionisation chamber in which there 
is a thin layer of uranium for recording neutrons. The ionisation 
is produced by the fission fragments. If it is desired to record only 
fast neutrons and to exclude the effects of U??? fission, the chamber 
is surrounded by a layer of cadmium. The residual background in 
the chamber is produced by a-particles resulting from a-decay 
of the uranium. Determine which is the greater: the total 
ionisation from the a-particles or from the fragments, using the 
following data: 

(1) The chamber is at a distance R — 10 cm from the neutron 
source of intensity 1 millicurie (corresponding to n = 3:7 x 107 
disintegrations per second). The fission cross-section for fast neu- 
trons is taken to be ø = 0-5 barn, and the energy transferred by 
the fission is E = 80 MeV. 

The uranium layer thickness is much less than the range of the 
fragments in the uranium (several micron), in order to know the 
absolute sensitivity of the chamber. 

(2) The half-life of uranium is t = 4:5 x 10? years, the energy 
of the a-particles is E, = 4-2 MeV. 


618. The reaction Li"(p, n) Be? is a convenient source of neu- 
trons of known energy in the interval 0-2-1:5 MeV and higher. The 
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neutron energy can be varied by varying the energy of the primary 
protons and the angle of observation. (a) Knowing the mass of 
the Li’, Be? and H! atoms, and of a neutron, in atomic units 
(see Table VI, page 236), find the energy release in the reaction 
Li"(p, n) Be’. (b) What is the minimum proton energy at which 
this reaction is possible? 


619. Use Table VI (on page 236) to find the binding energy 
of Li. 


620. Find the binding energy of a helium nucleus (a-particle). 


621. It is proposed to use deuterium as the nuclear fuel in a 
controlled thermonuclear reaction. Particular importance attaches 
to the following primary nuclear reactions, which proceed with 
roughly the same probability: 


(a) D? + D? > H? + p +Q; 
(b) D? + D? > He? + n + Q,. 
Evaluate the energies Q, and Q, of these reactions. 


622. The following secondary reactions can occur in a thermo- 
nuclear reactor using deuterium fuel: 


(a) He? + D? > Het + p +Q,; 
(b) H? + D? 2 He* + n +.Q,. 
Evaluate the energies Q, and Q, of these reactions. 


623. Heavy water (D20) is known to be contained in small 
amounts in water, roughly in the proportion of 1 molecule heavy 
water to 6000 molecules ordinary water. How much energy is 
released when all the deuterium contained in 1 litre of water is 
burned in a thermonuclear reactor? How much petrol is equivalent 
in energy to 1 litre of water, if 13 kWh energy is released when 1 kg 
petrol is burnt? 


624. How many thermonuclear reactions will occur per cubic 
centimetre per second, if the reaction cross section is o(v), where v 
is the relative velocity of the reacting deuterons, and N is the 
number of deuterons per cubic centimetre? 


625. How much power is produced by thermonuclear reactions 
per cubic centimetre, if N = 10!5 cm-?, @ = 10-1? cm?sec^! (the 
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value of ov is taken at a deuterium temperature of roughly 
T = 40 keV x 4:6 x 10?? K). 

Note. The notation of Problem 624 is used here. Take account 
of the energy of the primary reactions only in the calculations (see 
Problem 621). 


626. It is proposed to use magnetic field pressure for thermal 
insulation of a hot ionised deuterium gas (plasma) from the walls of 
a thermonuclear reactor. Calculate the pressure of a magnetic field 
H = 20,000 oersted on the plasma on the assumption that no 
field exists inside the plasma. 


627. How many calories are released when 1g of helium is formed 
from protons and neutrons? 


628. Find the atomic weight of deuterium, given that the binding 
energy of a deuteron is 2:19 MeV. Find also the atomic weight of a 
deuteron and the atomic weight of an electron (the atomic weight 
of the O!$ nucleus is taken as 16). 


629. Relatively slow protons with energies of a few hundred kilo 
electron volts or even less can cause the fission of lithium: 


Li? + H! > 2He*. 
What is the energy of the two a-particles? 


630. The distintegration of a deuteron into a proton and neutron 
by the action of ThC’ y-rays, having an energy of 2-62 MeV, can 
be observed experimentally. Find the energy and direction of 
release of the neutron and proton, neglecting the y-quantum mo- 
mentum. (See Problem 628.) 


631. Heat amounting to 10,000 cal was released in an intense 
reaction. What was the change in mass of the reagents? 


632. What is the increase in grams in the mass of 1 kg water when 
it is heated to 100°? 


633. What is the difference between the mass of a hydrogen atom 
and the total mass of a proton and electron? 


634. What is the mass reduction per second of the Sun due to 
radiation energy losses? 
Hint. The necessary data can be found in Problem 342. 
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635*. Find the decay constant of a substance, given that its 
B-radiation intensity drops 10 per cent per hour. The decay product 
is not radioactive. 


636*. Find the decay constant of radium, if its half-life is 
T = 1550 years. 


637*. How many radium atoms disintegrate per second per gram 
of radium? Assume that the decay constant A is known (Prob- 
lem 636). 


638*. Find the half-value period of a radioactive element from 
the following measurements: 


Time in hours 0 05 10 r5 20 2.5 


No. of counts 
per min 2345 1195 654 390 263 197 


Time in hours 3:0 35 4 6 8 10 12 


No. of counts 
per min 165 144 130 98 78 6i 48 


Hint. Draw the graph with time as abscissa and the natural 
logarithm of the number of responses per min as ordinate, and 
analyse the shape of the graph. 


639*. An RaD preparation in equilibrium with its decay products 
emits 10? a-particles per second. How many atoms of RaD, RaE 
and Po are contained in the preparation? How many RaD and 
RaE f-particles does the preparation emit per second? 


640*. Determine the volume of radon (at normal temperature 
and pressure) in equilibrium with 1 g radium (radon or radium 
emanation is the gaseous product of radium decay). 


641*. Find the amount of helium in cubic millimetres released 
by the decay of 1 g radium during a year. Assume that thc helium 
is at 0? and standard prcssure. 


642. A scintillation counter shows that roughly 1:15 x 10* 
a-particles per second are released by the decay of 1 g UI. Find 
the decay constant of UI (uranium I). 


* General hints on Problems 635-648, which are marked by asterisks, will be 
found in the answer section (p. 226). 
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643*., U??^ (or UII) is the decay product of the basic uranium 
isotope U??? (or UI). Find the half-value period of U??*, if its 
content in natural uranium is 0-006 per cent. The half-value period 
of U?3 should be taken from the solution of Problem 642. 


644*. The half-value period of radioactive phosphorus P?? is 
15 days. Find the activity of a P?? compound 10, 30, 90 days after 
its preparation, if the initial activity is 100 millicurie. 


645*. Find the half-value period of UI, given that the number of 
radium atoms in equilibrium with » uranium atoms is n x 3:45 x 
x 1077. The decayconstantofradium isalso given (see Problem 636). 


646*. Find the atomic number and weight of the ionium produc- 
ed from uranium as a result of two a-transitions and two f-transi- 
tions. Of what element is ionium an isotope? 


647*. Certain uranium ores contain pure uranium lead as an 
impurity (A = 206). Assuming that all the lead has been derived 
from decay of uranium and its products, the age of the ore can be 
determined. Take the lead content of 1 g ore to be 0-2 g. 


648*. A sample of iodine I!?" is irradiated by a neutron beam 
with a flux such that 107 atoms of radioactive iodine I1?? (half life 
25 min) are formed per second. Find the number of 11?? atoms and 
the activity of the sample 1, 10, 25 and 50 min after the start of the 
irradiation. What is the maximum number of I!?? atoms and the 
activity of the sample after long-term irradiation (i.e. irradiation 
to saturation)? 


649. In recent years new particles have been discovered with a 
very short life, less than 10-2? sec. It is impossible in this case to 
record the tracks of charged particles or measure the distance from 
the point of formation to the point of decay of neutral particles. 
Only the disintegration products can be recorded. How can the 


process 
ptpozaz 4a + w> 2n* + 2a + 22° 


be differentiated experimentally from the process 
P + p> 2at + 2a- 4 25, 


where p, p are the proton and antiproton, z+, 7x7, zx? are zt -mesons, 
w is the new short-lived particle which disintegrates into nt + 27 
+ 2°, 
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650. In addition to thc laws of conservation of energy, momen- 
tum and angular momentum, particle production and disintegration 
arc governed by the following three exact laws of conservation: 

1. The law of conservation of charge. 

2. The law of conservation of baryon charge (the baryon charge 
is equal to 1 for nucleons (n, p) and hyperons (AZ&); to —1 for 


antinucleons (ñ, p) and antihyperons (AXE); and to zero for all 
other particles). 

3. The law of conservation of lepton charge (the lepton charge 
is equal to 1 for the electron or a negative u-meson and neutrino 
(e^, u,v) and equal to —1 for a positron, positive u-meson and 
antineutrino (e+, u7, ») and equal to zero for all other particles). 

Determine which of the following reactions are forbidden: 


l.n—p'-e^ +%, 5.27 + p— 4? + K, 
2. 2p > 2n + 2e*, 6. K- +n> A +27, 
3.7 > eT t+, Tat c n A + Kt, 
4. K* + x^ + 2e*, 8.7* -no Kt + K. 


651. Reactions of the type pt> e^ +y, u- —2e- + et, 
cannot be obtained experimentally (although the laws of conserva- 
tion (sec the previous problem) are not broken). It has therefore 
been suggested that two neutrinos exist, an electronic neutrino v, 
and a p-mesonic neutrino »,, and two lepton charges /, and l}: le = 1 
for e^, v, and le = —1 for e+, 7, and le = 0 for all other particles 
and J, = 1 for u^, vp, while J, = —1 for pt, », and J, = 0 for all 
particles, including (et, e^, »,, Ye). Support has recently (1962) been 
found for this suggestion. Consider the following reactions from 
this point of view and state which of those arc forbidden: 


La — u^ ^ », 5.% + pont pt 

2.27 — uv, 6.95, + pont et 

3. uT — e tv, t», T.v -poncyu* 

4. uT — e t y v, 8.7, --p n et 
9. n7 — e^ + y. 


652. The interaction and disintegration of particles occurs as a 
result of strong, electromagnetic or weak interactions. The prob- 
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ability of weak interaction processes is roughly 10!? times less 
than that of strong interaction processes. 

Strong and electromagnetic interaction can only occur between 
baryons and mesons, with conservation of the new quantum num- 
ber S (strangeness): 


S = 0 for nucleons, antinucleons, z-mesons (p, n, p, n, x+, x^) 


S = —1 for A, £+, E-, Xo, K-, K? (K-mesons, Z-hyperons, 
A-particles) 

S = —2 for £^, E? (cascade hyperons) 

S = +1 for A, Z+, 2-, Eo, K+, K° 

S = +2 for E-, £9 

(the tilde indicates the antiparticle). 

When S is changed by 1 the probability of the process is di- 
minished 10!? to 101? times (the reaction time is increased to 107° 
to 1071? sec), and when S changes by 2 the reaction is not observed 
in practice (it is evidently 102° to 10?* times less probable than in 
the case of strong interaction). 

Discover which of the following reactions are permissible with 


regard to S, and which are not (in the latter case they proceed 
after 107? to 1071? sec or are not observed in practice). 


la +p>A+ K 8.* + n> A? + Kt 
2.4 +p7A+ 2° 9.K- +p> £7 + at 
3.42 pd a7 10. p + X- > K+ + a* 
4 5-9 AHH lipii oat +a2t 
5.E- —^2n- +p Dia +p Eo ti a 
6n pex qe Berea pS shake 
Vom Exe + 77 14. x7 - p2 S 4- K* t K9. 


653. Determine the z-meson production threshold when a 
nucleon, y-quantum and electron of energy W interact with a 
nucleon at rest (m,c?z 140 MeV). 

654. Prove the impossibility of annihilation of an electron and 
positron with the emission of one y-quantum: 


et ce y, 
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and of the disintegration of the y-quantum in flight: 
y> et + e`. 


655. An ultrarelativistic proton moves in a magnetic field’ Can 
it radiate z+, n~ and zx? mesons, electrons and positrons? 


656. Find the y-ray flux (number of photons cm~?:sec:steradian) 
at the limit of the solar system in directions from the centre, anti- 
centre and pole of the Galaxy which is produced in the Galaxy as 
a result of z?-meson disintegration. The z?-meson formation 
cross-section when cosmic rays act on protons of the interstellar 
gas iso = 2 = 10-?®cm?. Regard the cosmic ray flux in the Galaxy 
as isotropic and equal to r = 0-2 particles cm~?-sec-steradian. The 
number of protons AN(L) in the interstellar medium on a line of 
sight directed from the solar system to the centre, pole and anti- 
centre of the Galaxy are respectively roughly 6 x 10??cm7?, 
10?! cm~? and 10??cm7?. 


657. The cosmic ray flux Kr in the metagalactic is unknown. It 
may possibly be determined by measuring the intensity 7, for the 
y-rays from disintegration of z?-mesons of the metagalactic (see 
the previous problem). Express Z. in terms of J, taking the gas 
concentration as n = 107?cm-^? and taking account of the expan- 
sion of the Metagalaxy. 

Hint. The speed of recession of the galaxies and gas at a distance 
R from us is equal to u = AR, where Hubble’s constant is now 
taken as h = 100 km sec^!-megaparsec (the law u = AR is only 
suitable up to u « c = 3 x l10!9cmsec^!, but it can be used ap- 
proximately for u < 0:5c). 


658. A free atomic nucleus of mass M at rest undergoes a tran- 
sition from an excited state to the ground state with the emission of 
a y-quantum. Find the y-quantum energy and the recoil energy R, 
ifthe excitation energy was E,,. Evaluate the recoil energy of the 
Iri?! nucleus, if E,. = 129 keV. Compare the solution of this 
problem with the solution of Problem 498. 


659. A free atomic nucleus of mass M at rest undergoes a tran- 
sition to an excited state with excitation energy £,, with the ab- 
sorption of a y-quantum. Determine the energy of the y-quantum 
and the nuclear recoil energy R. 
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660. Find the energy difference between the emission and ab- 
sorption lines of y-quanta for free nuclei. Compare this difference 
with the natural (T) and Doppler width of the lines (the Doppler 
width is E,5 V2kT|Mc?). Find the temperature Tọ at which the 
Doppler width is equal to the difference between the emission and 
absorption lines, using the data in the table below. Explain the 
difficulty of observing resonance absorption of y-quanta for free 
nuclei. 


TABLE OF NUCLEI 
E12 in keV | Mc? in GeV I[E,; 


Tu!69 84 1573 10-1! 


Fe*?? 14:4 53 3 x 10-13 
Dy+6! 26 149:9 6x 1071? 
Irt 73 179:7 10712 
Au!?7 77 183:4 3 x 10-1? 
Eres 80:6 154:5 3 x 10712 
Zn$9? 93 60:3 5x10-15 
W182 100 169:4 4x1071? 
Hf?” 113 164°8 10711 
ppt 129 177:8 4x 10-1! 


Re!87 | 187 1741 | 3x1077* 


661. The MóOssbauer effect amounts to the fact that y-quanta 
emission and absorption processes can exist in crystals without 
nuclear recoil. In this case the law of conservation of momentum is 
fulfilled by the transfer of momentum to the entire crystal. Since 
the crystal mass is very large, it follows from this that the emission 
and absorption processes proceed with negligibly small energy 
losses. The emission and absorption lines have just the natural 
width (the Móssbauer line). 

An Ir!?! crystal emits y-quanta with an energy of 129 keV. The 
width of the MOssbauer line of emission and absorption of y- 
quanta is I = 4-6 x 10-$ V. Suppose that the crystal moves 
with velocity v when emitting y-quanta, and is at rest when ab- 
sorbing quanta. Find the least source velocity v which can be re- 
corded as a function of the absorption. Suppose that it is possible 
to record reliably a Doppler shift of the moving source y-quanta 
frequency equal to 1/6 the line width. 
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662. In order for the Móssbauer line to have an intensity suffi- 
cient for practical applications, the energy loss R on free nuclear 
recoil (see Problems 658 and 659) must be less than or of the order 
of 2kTp, where Tp is the Debye temperature of the crystal. Deter- 
mine the region of y-quanta energies and mass numbers A in which 
the Móssbauer effect may be observed in practice, assuming that 
Ty varies between 160 and 480°K for different crystals. 


663. By using the Móssbauer effect, it is possible to measure the 
gravitational frequency shift (see also Problem 501). Use has been 
made for this purpose of the y-rays emitted by an excited Fe57 
nucleus (energy of the y-rays E,; = 14-4 keV, line width I’ = 3x 
x10-71? E,; z 4 x 107? eV). For what height difference between 
the receiver (absorber) and source is the y-line displaced 1 per 
cent of the line width (a change in the absorption of the y-rays 
can already be noticed here). 


664. In the conditions of the previous problem the y-ray ab- 
sorption varies not only as a function of the height difference be- 
tween the receiver and source, but also with the temperature differ- 
ence óT between the receiver and source. What is the cause of this 
effect and what change in the height difference corresponds in the 
experiments with Fe5? (from the point of view of the y-ray ab- 
sorption variation) to a temperature difference ôT = 1°C? 
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CHAPTER I 


MOLECULAR PHYSICS AND 
THERMODYNAMICS 


$1. THERMOMETRY. CALORIMETRY. 
THERMAL EXPANSION 


1. ^C = 1-475 PFl — 18-75°. 
2. PC = —4t°D + 100°. 


3.1 = —384 °C. 
4. t? = jp 
tu — lo 


Se y 


100 
6. L = a7 3B 
l a, — 3p 


7. The thermometer will give identical readings at two different 
temperatures £, and f, between 0° and 7-9^, where t, + t; = 7:9°. 


Di — Po . 
DoX, — Pı% 
k 


9, x? = t + — At = 33-45. 
m 


10. x = 100°[In(1 + az)/In(1 + 1002)], where æ is the volu- 
metric expansion coefficient of the gas. 


8. t = 


* Degrees centigrade are always to be understood unless there is a indi- 
cation to the contrary. 
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a 
ips op. ba sl ue OOS oan ue: 
Po oT v 


12. An increase of 640 atm. 


13. (2 LOTE 4 18° = 54-19, 
Fig 


14. An accuracy At = 4R/Rx = 0-0025°. 


6.72 7 t — mà 
m +m 
M(r — qt) = 
t+ 80 


16. m = 80 g 


17.9, = IUe apa bio, = 0:0092 cal g^! deg! 
m» to — í 


- 





l t -—t toe 
18. q' = 7| m + qum,)———* — iai. 
n ty 2 


19. m = 0:125 kg. 


20. 1-1 g. 
21.a _ pill + a0) — Po i 
Pot 
23. Xi = RE dnb 29 + a. 
Pitt, — 0 


24. x — 38 4. 2°71, 
plt, — t) 


25. Ho = H,[l — t,(« — B)] = 7480 mm. 


atang 


—— —— —— = 0:0000183 deg^!. 
10/o(t, — to) 


26.B = 
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27. S = ar? [1 * (Bi + B.) (t; = 11)]. 
28. V; = ar Kl + [t5 — t) (Bj + 28,)] = 1614 cm?. 


29. a =(h — ho)/100 ho, where h and ho are the liquid column 
heights at 100° and 0°. 


30. x = "RI T. Ja asp esci d +2] - I: 
t (PL\eo Oo Ôo 


31. n; — n, % 9-5 revolutions. 

32. The water level is unchanged. 

33. P = EBS = 252 kg. 

34. P = EB(t, — to) S = 1-41 x 105 kg. 


$2. THERMAL CONDUCTIVITY 
35. m = vSk(t, — t;)]4l = 54g, A is the latent heat of melting 


of ice, equal to 80 calg ^. 


36. t, — t, = mAl/tSk = 0:013?, where 4 is the latent heat of 
vaporisation of water, equal to 539 calg-! approximately. 


I 
3.n-ns ERN zu 2. 
tS Vk kı 


_ k(t t3) + kt _ k(t + t3) + kts 7 


38. 1, = —————— z 928°, t5 = 
2k, +k 2k, +k 
39.0 = Sak(ty — ta) = 1550 cal; 
al + 2k 
p = Matt alts yo. p, ni + ta) tate yo 
É al + 2k al + 2k 
40. M = kaSt(t, — t2) _ 1:21 ton. 
(2k + aL)r 
fice m,m3;c,c;L In 2. 


i kS(m,c; + mac;) 
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42.1, — Mi d " a 


43. (1) t, 5 t, if L 0. 
(2) t > t4 ifk ^ 0. 





44. v = —] 
S p = t3 
Asie fA A 
In = Ri 
1 
R, i R, R Ry T R, 
2 (R2 — ,2 
41.121 4 024190 =) | 
4z?k R* 


48. x = (CE = 112cm. 
he 


49. Consider the heat balance in the rod volume between the 
sections x and x + dx. The amount of heat flowing into this volume 
from the left during time dt is — K(0t/0x)Sdt. The amount leaving 
from the right is — K(0t/0x), , 4, Sdr. In addition, an amount of heat 
ap dx(t — t3)dt leaves the volume via its lateral surface as a result 
of conduction. On the other hand, the amount of heat arriving in 
the volume is Sdxcodt. Thus, — k(0t[Ox)Sdv — [—K(0t[0x),, 4, Sdr] 
— apdx(t — t3)dt = Sdxcodt, and consequently, 





ôt k o't ax 
2a LUE h) 
ôt co dx?  cpS 
50.1 = 15 4 (2212 sinh Bx + ( =f) sinh B= 3) 
sinh £l 
where B= a P 


ks 
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51. t = (t, — t) sinh A — x)/sinh Bl + t. If Bl» 1, BU — x) 
> l then: = t; + (t, — t,)e**. If, moreover, Bx > 1, then t z t2. 
2 


52. k, = ky 


xy 


dit; = 
53. k, = daft, — 1) k, = 0:00033 caldeg-!cm-! sec-!. 
di(t; — t3) 


56. t = tye” 2 Fos (we — 2 x) + fo. 
57. v = 1//365 = 0-052 m per day. 
sum. Lll 

ya T 365 


59. It can easily be verified by substitution that expression (1) 
satisfies the heat conduction equation 


Ot 2t 
— = a? — , 2 
ot Ox? @) 
the initial condition 
t —-ty for T20,x 20, (3) 


and the boundary conditions 
t=0 for x20,v»0, 
t= tł for x 2o,cr»90. (4) 


It remains to show that the solution ofthe heat conduction equa- 
tion satisfying these conditions is unique. Suppose there exists a 
second solution of equation (1): ^, = ¢,(t, x), satisfying the same 
initial and boundary conditions. The difference t, = ¢, — ¢ will 
now satisfy the heat conduction equation: 


Ot, — a 071, 
ot ax?” 


(5) 


the initial condition: 7, = 0 for t = 0, x > 0 and the boundary 
conditions: £4, = 0 for x 20, x= +œ, vr» 0. We obtain 


120 MOLECULAR PHYSICS AND THERMODYNAMICS 


from (5): 
2 
KA lg iuo 1, 96 — a? ôt : 
ot \2 Ox Óx Ox 
whence integration gives us: 
oo eo 2 
ECL 
0 o NOx 


or, in view of the boundary conditions: 


o0 d 2 
Sh E ial CL ee © 
ðr à 2 o ôx 


en | pax = a2, 9 
OT 0 Ox 





o 
We conclude from this that the integral Í 112 dx cannot increase 
o 


with time. This is only possible when /;(r, x) = 0, and the uni- 
queness of the solution is proved. 


T 
v — 
Ox 
ELQ 


2kS ` 


2 
60.7 = = (s = 4x 101? days (T is the length of a day). 
t 


61.p —« 





§ 3. Gas LAWs. THE EQUATION OF STATE 





PE cian 2 His d 

V(H — h) 
63. z 105g. 

1522 
64. n = EN M ; 

V 
In 
V+v 


65.H = CED mm He. 


ANSWERS AND SOLUTIONS 121 
66.1(H +14 - J(H  L- l'. — A'H)em. 


Hrl-JH +P 
: 
68. ~ 0-004 cm?. 


67. 


69. x 4:3 mm. 

70. Instead of 0-35 mm Hg, the manometer will read 0:33 mm Hg. 
71. 10-9 litres. 

72. 1:15 g. 


73. V = EDT = 1000 m? 


1 1 
fo 
1 + at, 1 + at, 


(æ is the expansion coefficient of the gases). 





74.0 = 72g. 
1 l 


l + at, 1 + at, 








75.p = Zi ) = 14mm water 


(æ is the expansion coefficient of the gases). 


l+at L—h, 
76.p, = ——(H-—h 
P a ER Loh | v 





(a is the expansion coefficient of the gases). 


71. h, = — X21 + H, — h) 


+ ja! 4OH,— hy + = (Ho +h) — H,QI — h). 
0 


78.m = 22 M = 488g 
3RTd 








(M is the molecular weight of nitrogen). 
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79 aN (Vv — vb) = »RT 
“| pt PI (V —» ) =v : 


80. p.,V., = 3RT.,/8. 
81. p,, = 50atm; To, = 151°K. 





82. V, = oR 28 om? 
8p. 
83. b = 39-4 cm? mole—!; a = 1:39 x 108 atm cm® mole. 
: 6 
84.p — es puc z 17000 atm. 


y? 18? 


cr 

86. TŻ = NEN. pè = eee eer Ver = 3b + 2c. 
27(b + c)R 216(b + c)? 

8n.T3- 4; ppm ES. aur 3b. 
27bR 216p? 

88. Peiter = 3RT,,/8. 

89.24 = Sand ue. = um; ada 
sU vı vy Ui vı 


90. Let p be the gas pressure in the evacuated vessel and p, the 
pressure at the end of the capillary adjacent to the pump (the pres- 
sure in the pump). Let m be the mass of gas in the evacuated vessel, 
and V its volume. Then 

Wm LII 
dt w 


(1) 


The volume dv occupied by the mass dm of gas at pressure p, is 
given by p,dv = — dm(RT/y), whence 


p,K-— A us (2) 
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We have for the pressure p in the evacuated vessel: pV =: mRTÍu, 


so that 
dp _ RT dm 


dt gu d 


On eliminating p, and dm/dt from (1), (2) and (3) and integrating, 
we obtain: 


A (3) 


t 


uw 1l 
P = Poe (kT + K), (4) 
91.1 = gg Du z 370 sec. 
K p 
92.7 = [218 x 10 —— pE Goo V In £2 = 64-5 sec 
RDNT XK p 


(u is the molecular weight of the gas). 
93. M = ZH, PiP? gs 
RT 256ql 
(u is the molecular weight of the gas). 
128V In 22 + 3p2 


ap,d* Pı + P2 
(7 is the coefficient of internal friction of the gas). 


94.7 = 


2A ViTa t p;ViTi 
ViTa + VT, 
(T, and T; are the absolute temperatures of the vessels). 


95. p — 224 mm Hg 


96. It can be assumed without loss of generality that the cross- 
sectional area of the cylinder is unity. The co-ordinate origin is 
located on the cylinder base, with the x axis vertically upwards. 
First of all, if the gas is in equilibrium, the pressure p must be a 
function of x only. Otherwise, the pressure gradient would have a 
horizontal component, which would not be balanced by the ex- 
ternal forces, with the result that motion would be produced in the 
gas. If the pressure at the base is po, and at the cover p, we must 
have by hypothesis: " 

Po- p= | go dx, 


0 
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and this equation must hold whatever x. We obtain by differentia- 
tion: 


— = —29. 


Ox 


On substituting p = RTo/u in this and integrating, we obtain the 
barometric formula. 


$4. THE FIRST AND SECOND LAWS OF THERMODYNAMICS 
AND THEIR APPLICATIONS 
97. v = 340 msec^!. 
98. Q = 128 x 10° erg. 


99. Q = 2RTIn 2, 
p 


100. Q = 580 cal. 


2xRPN 


101. E = ————— 
(M + w) cAt 


(c = 1 calg-'deg is the specific heat of water). 
1000Ry 
Lucy — 1) 


103. pV* = const., where k = (c, — c)/(c, — c). (1) V = const., 
(2) p = const., (3) pV’ = const. and (4) pV = const. 


102. E = = 427 kgmcal-'. 


104. (1) The gas cools on expansion, its temperature being pro- 
portional to Vp 
(2)c = c, — R. Heat must be taken from the gas when it expands. 


105. The gas heats on expansion, its temperature being pro- 
portional to VV; c = cp + R. Heat must be supplied to the gas 
when it expands. 


106. C = (3c, — 2c,) = — 0-163 caldeg^!, where v = 0-163 is 
the number of moles. 


107. c = X(c, + c). 
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109. 29,000 cal. 
110. 67,700 cal. 
3p,V, + 3p;V, 


111.7 = = 352°K = 79°C; 
SpiV; + 3p2V2 
Ti T, 
T V V. 
ja.— [Bn B EdO8d 
V, + VN Tj, T; 
112. Zero. 
1 aT 


113. VT 1e R = const. 
114. Q = 217 cal. 
115. Q = 163 cal. 


116. The proof follows from the fact that the internal energy of a 
given mass of gas is U = pV/(y — 1), where Vis the volume of the 
gas. 


117. Q = 3-72 cal. 
118. Q = 90 cal. 

pAV 
y-1 


119. AU = = 150 kgm. 


120. Q = Š (me, + m,c1,) = 300 cal. 
y 


121. p, = (Qpo[3) (1 + «C[c), where po is the initial pressure of 
the mixture, « is the thermal expansion coefficient. 


122. Since heating leaves the volume of the system unchanged, 
no work is done. The required amount of heat is therefore equal 
to the increment in the internal energy of the system and is thus 
independent of the method by which the system passes from its 
initial to its final state. This passage may be realised in two stages. 

1. We heat the water from 0° to 100° in such a way that no 
vaporisation occurs. The amount of heat required for this is 
Q, = 18x 100 = 1800 cal. 
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2. We vaporise the water at constant temperature ¢ = 100°. The 
amount of heat required is Q, = U, — Uj, where U, and U, are 
the internal energies of a mole of water vapour and liquid water 
at 100? and atmospheric pressure. To find U, — U, we use the first 
law of thermodynamics q = U, — U, + A, where g is the heat of 
vaporisation per mole (q = 539 x18 = 9710 cal), and A is the work 
against the constant external pressure (A = pV, = RT = 1:98 x 373 
= 739 cal). HenceQ; = U, — U, = q — A = 8970 cal. 


Q = Q, + Q2 = 1800 + 8970 = 10,770 cal. 


123.49 = dU + pav = (ST gie om a olay, 
eT jy ƏV jr 


On first putting V = const, then p = const, we obtain: 


ðU ðU ðU oV 
C = bo — fo ESS FPS 
eG) Ga), 
whence 
oU oV 
-C = adt + ——— E 
«cer er), +21), 


124. It follows from the solution of the previous problem that 
dQ = c,dT + 2-—" ay. 
En 
OT je 
For an adiabatic process dQ — 0. Hence 
dde Ces 


3v 
OT /» 
On substituting in this 


dT,, Ku dV, + RE dpa; 
V], p y 
eae 
Op Jaa y NOp Jv NOT ]p 





we obtain: 
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On comparing this with 


, 


125. Obviously, ceteris paribus, the speed of sound is the greater, 
the greater the force tending to return a deviated air particle to the 
equilibrium position, i.e. the greater the pressure difference be- 
tween points of compression and rarefaction. The temperature rise 
at a point of compression increases the air pressure, whilst the tem- 
perature drop at a point of rarefaction reduces the pressure. Both 
lead to an increase in the pressure difference between points of 
compression and rarefaction, and hence to an increase in the speed 
of sound in the gas. 


127. 1260 msec^!. 
128. 970 msec-!. 


129. y = 1-41. 
130. | = 4:86. 
Ui 
131. = 2% = 17. 
C, 
y 1:7 
132, £2 = 3 EE (>) = 0:308 atm. 
Di V; 2 
In Ze. 
Biy = =EL 
In 22. 
Di 
2 = T? 
Dipa an, 
I$. T? 


136. T — Ty = mv?[2vc, % 28,000°K, v is the number of moles: 


1 y 
e (zy «100; 2 = (2) x 105. 
Co To Po 20 
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137. At mechanical equilibrium the temperature T, density o and 
pressure p of the air depend only on the height z above the Earth's 
surface, whilst p = CoT, where Cis independent of z. Thus, when z 
varies, 


[ d aT 
op ptT 
whence we find for the equilibrium density at the height z + dz: 
dT 
a + de) = e) + d c o Cap — enm. (1) 


Suppose now that, as a result of random disturbances, a small mass 
of air has been shifted from the height z to z + dz. The pressure 
inside the mass will be equal to the pressure of the surrounding air, 
so that its density must have changed. Since the thermal conduction 
of air is small, the process can be regarded as adiabatic, and hence 
p = const 0’. We thus have, for the density change do* in the mass 
that has shifted: 


dp _ ,,do* 
p 0 
and for the density itself: 
1 
o*(z + dz) = o(z) + do* =o + — € dp. (2) 


Y P 


Suppose that dz > 0 and o*(z + dz) > o(z + dz). The displaced 
mass of air, being heavier than the surrounding air, must now return 
to its equilibrium position, i.e. the equilibrium is stable. When 
dz > 0 and o*(z + dz) « o(z + dz), it will be unstable. We thus 
obtain the following stability conditions from (1) and (2) 


D Fe ae ares for dz » 0. (3) 
yp p T 
At mechanical equilibrium, 
dp 
— = —pg. 4 
08 (4) 
On eliminating dp, we obtain: 
aT > c edm =- z 0l degm-!, (5) 


dz p 7 €, 
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where c, is the specific heat at constant pressure. The equality sign 
corresponds to neutral equilibrium. The corresponding stratification 
of the atmosphere is described as adiabatic. 


138. p = po(1 — az|To)"; p[T" = const, where To is the absolute 
temperature at the Earth's surface; n = Mg/Ra; R is the gas con- 
stant, M is the molecular weight of air. In the limiting case, when 
a — Q, the barometric formula is obtained: 

Msz 
p = poe P'o, 


Hint. We have assumed that 


dT 
— = —a. 
dz 
The equilibrium condition is 
dp 
— Z — 2g. 
dz d 


Finally, on the basis of the perfect gas law 
R 
= — oT. 
P M 0 


The formulae given in the answer can be obtained from these 
three equations. 


139. z = T,/a. For adiabatic stratification (see the solution to 
Problem 137), 


z= gD a 28 km. 
Cp 
It follows from the answer that the temperature gradient cannot 
be the same throughout the atmosphere. 
140. Cobalt = 6:14; Gold = 6:15. 
141. n = (T, — T)/(T, + e,(71 — T2) In (Pp), where 
T, > Ta, P>p. 
V 
(y -Da - T3) In ; 
142. 9 = u— E where y = 2. 
Cy 
(y — 1) T, In— + (T; — T) 
V; ; 


UPI.9 1V 
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144. If the process is cyclical, the heat borrowed from the heat 
reservoir cannot be entirely converted into work, since this would 
contradict the second law of thermodynamics. If the process is not 
cyclical, total conversion of the heat into work is possible. For in- 
stance, if an ideal gas is in thermal contact with a heat reservoir and 
undergoes isothermal expansion, performing work against the ex- 
ternal forces, its internal energy will meantime remain unchanged, 
since it is independent of the volume and depends only on the tem- 
perature. Hence all the heat taken by the gas from the reservoir 
must be converted into work. 


145. The heat restored by the engine in its operation to the water 
of the heating system (cooler) is 


The work of the engine, 


is expended on operating the cooling machine. The latter takes 
from the cooler (sub-soil water) heat Q, and transmits to the heater 
(water of the heating system) heat Q"'. Here, 


T; 


Q'2— : 
Ta 
wm ne 6 T 
Q” — Q, = Q" = 324i 
T; 
Dung fd. aus 
T; = T3 Ti T; m T; 


The total amount of heat received by the heated location is 


TAT; — Ts) 


æ 20000 calkg^!. 
T,(T; — Ts) 


Q-Q'*Q'-q 


146. On the p, V diagram (Fig. 20) we take two indefinitely close 
isotherms 12 and 34 and two indefinitely close adiabats 23 and 41 
and apply Carnot's theorem to the cycle 1234. The heat Q, received 
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by the system on the isotherm 12isequalto Q, = A, + AU, where 
A, = pAV is the work done by the system on the isotherm 12, and 
AU = (6U/6V),AV is the change in the internal energy on this iso- 
therm. The work of the cycle is represented by the area 1234. This 
area can be calculated, discounting higher order magnitudes, by 
replacing 1234 by a parallelogram, the area of which is obviously 
equal to the area of the parallelogram 1256, i.e. 4 — Ap: AV 
= (6p/0T),ATAV, where AT = T, — T,. By Carnot’s theorem, 





Fic. 20 


A/Q, = AT/T,. On substituting in this the expressions for A and 
Q,, we obtain the first of the formulae which are to be proved. The 
second formula is obtained from the first by differentiation with 
respect to T at constant V. 


147. U = v(c,T — ar] V), where v is the number of moles and the 
constants c,, a refer to 1 mole. 2k 


148. U = (c, T — av/V), where c, is the molar specific heat 
of the gas at constant volume in a state of infinite rarefaction, when 
the gas behaves as though ideal. The defect of the solution is that 
it does not provide a proof of the independence of c, on the volume 
of the gas. 


149. AT — eG - z = 024°. 
Cy VV, V. 
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150. The gas cools. Its temperature and pressure are 
T'Éq. (V — Vy à 
2c, ViVAV, + V2) 
rm 2RT' E 4a 
VitV,—2b (VV 
151. T' — T = — av[2Vc, = —0:0055?, where » = 0:041 is the 
number of moles. 


152. T’—T = (a/c,) (1]V; —1/V,) = — 0-013°, where V, = 20litres 
and V, = 200 litres are the corresponding molar volumes. 


153. Q = a( > = z) 


154. Q = G + x)" ze (> F x)" = | 


2 1 


1 1 
+ a| — - —}. 
E A 


155. According to the first law of thermodynamics the heat of 
vaporisation of 1 mole of liquid is equal to q = U, — U, + A, 
where U, and U, are the internal energies of the vapour and liquid, 
and A = p(V, — V,) is the work done against the constant external 
pressure. U, — U, is found from the equation 


ôV Jr OT Jy y? 


which gives U, — U, = a(1/V, — 1/V,). Hence, 


a a 
Eo ust cp usce 
í ( A) (? 5) 
( RT 2a RT 2a 
(mum) 
V, —b V. V, — b Vi 


ap\ (av aV V ( op 
= pel a (SS) eer I 
d is fe Ge Ge 
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(et eee 
iS 2a(V — by 
RTV? 


158. c, — c, = Tvx?/B = 0-0041 calg-!deg^!; y = 1:14; Aj(c, 
— cy) = Pof[Tx = 7-9 x 10-5. Thus practically the entire diffe- 
rence c, — c, goes into increasing the internal energy of the 
mercury. 


159. See the answer to Problem 156. 


160. (1) It gets cooler. (2) It gets hotter. The answer follows from 
the identity (07/0p), = —(0TJOV),. (OV[Op)r, provided we take 
into account the condition for the stability of a physically uniform 
and isotropic substance (see the previous problem). 


161. Let /, r, T and S be the length, tension and entropy of the 
strap. Only two of these four quantities are independent, the other 
two being functions of them. Thus the indentity follows: 


(ar), Gs) Ger) = D 
0l J, N 0S ) , V aT), 


It follows from the first law, written in the form d(U — TS) = — SdT 


+ tdl, that 
as) (0x 
ôl jr OT Jı 
LAN (ar 
oS T Or 2" 


Further, since T, t, l are connected by a functional relationship, we 


have identically, 
a 
Sje \ar/r\ a). 


On substituting this in (1), we get 


e ( 0T 5) LUE Sa] 
T V alj 0x 7A al), 


or 
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where c, = T(0S/0T), is the specific heat at constant length. It is 
positive for all bodies: c, > 0. The quantity (0//0x)7 is also positive 
for all bodies. Consequently, 


oT ôT 
—)}){—] <0 
( al ),( al ) 
By hypothesis, (0]/OT), < Ofor the rubber strap, and hence (07/01), 


> 0. It follows from this that the strap heats up if it is elongated 
adiabatically. 


162. We first write the first law of thermodynamics 6Q = dU 
+ pdVintheform 6Q = dH — Vdp. We then take on the p, V dia- 
gram (Fig.20, page 131) two indefinitely close isotherms 12 and 34 
and two indefinitely close adiabats 23 and 41 and apply Carnot's 
theorem to the cycle 1234. The heat Q, received by the system on 
isotherm 12 is Q, = H, — H, — V(p; — pı). Since the change in 
enthalpy H, — H, takes place alongtheisotherm,Q, — [(0H/0p) — V] 
x (p; — pi). The work A of the cycle is represented by the area 
1234. Discounting higher order quantities, the area of 1234 can be 
regarded as a parallelogram. The area of this parallelogram is equal 
to the area of the parallelogram 1256. This latter is in turn equal to 
the base 61 multiplied by the height (V, — V). Since the points 1 
and 6 correspond to the same volumes, but different temperatures, 
the length of the base 61 is (OpJOT)y (T, — T2). We thus have for the 
work of the cycle: A = (0pJOT)y (T, — T2) (V; — V4) or, using 
the identity (0pJOV), = — (QV/OT), (Op|OV)T, A = — (0V[0T), 
x (T, — T2) (p; — pı). By Carnot's theorem, A/Q, = (T, — T2)/T. 
On substituting the values for A and Q, in this, we obtain the first 
ofthe required formulae. The second is obtained by differentiation 
of the first with respect to p, since c, = (0HJ0T),. 


163. The Joule-Thomson effect is characterised by constant 
enthalpy. Thus 


dH 3 eT | V - T(2*) |ap =o, 
ôT), 


whence 


T oF -yV 
B 
Op /n Cp 
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2a — 
164. (5) = BE 
Op / Cp 


165. AT = — bAp[c, > 0 (Ap < 0; Ap and AT are assumed 
small). 





2aAp 





166. AT = + (Ap small). 
Cp 
aE E A E 
4 Rb 


168. T < T, = 358 K. 





os T,K AT? 
Nitrogen 800 —0-0014 
Hydrogen 206 +0-0001 
Helium ; 334 | +0-0003 
| 
170. AT = o gend > 
ce \V-— 5b V 


7; y prn = —35°; 
AT wager = +11°; 
AT serum = +34. 


171. A hyperbola: T = 2a(V — b)| RbV (see Figs.21 and 22). 
(The temperature is in degrees centigrade, the volume in cubic cen- 
timetres.) The asymptotes, represented by dotted lines, intersect the 
axis of ordinates at the points of inversion of the Joule-Thomson 
effect. 


172. Let the point A on the p, V diagram (Fig.23) represent the 
state of a gram of the liquid at the temperature T and pressure p, 
equal to the pressure of its saturated vapour at this temperature. 
We shall communicate heat to the system in such a way that the 
pressure and temperature remain constant. The liquid will now 
vaporise, and saturated vapour will be present above it at any 
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instant. Let B represent the state in which the entire liquid has be- 
come vapour. The heat received by the system on the isotherm AB 
will now beequal to the heat of vaporisation q. We lower the vapour 
temperature adiabatically by the infinitesimalamount dT (the point 
C), then return the system to its initial state along the isotherm CD 
and the adiabat DA. The work done by the system is equal to the 










Li [EM nem LL 
p EM. 
40 80 


720 160 200 
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area of the parallelogram ABCD. On expressing it in terms of vy, v 
and dT, and applying Carnot's theorem, we easily obtain: 


dp|dT = q/T(v, — vı) 


(the Clausius-Clapeyron formula). 





FIG. 23 


173. p x (1 + gAT]|vRT?)p, = 1:035 atm, where g is the heat of 
vaporisation, » — 1/18is the number of moles in 1 g water, po is the 
atmospheric pressure. 


174. Am x (uVp/ RT?) [(gu| RT) — 1) AT = 0-075g, where Vz41 
is the volume of vapour, p is its pressure, R is the universal gas 
constant. 


175. The heat of sublimation is q = q, + q; = 676calg^!. On 
substituting this in the Clausius-Clapeyron equation dp/dT 
= q/T(v, — vs) © q[Tv, and determining the specific volume of the 
water vapour from the equation po, = RT/u, we easily find that, 
for AT = — 1°, Ap = — 0:38 mm Hg, and the pressure of the 
saturated vapour over the ice at ¢ = — 1? is p. , = 4:20 mm Hg. 


176. By the first law, 6Q = dH — Vdp. Since (dH/dp)r = 0 for 
an ideal gas (see Problem 163), we obtain from this, for the required 
specific heat: c = (0HJOT), — Vdp/dT. In the process in question dp 
and dT are connected by the equation dp/dT = q/T(v, — vi) 
~ qu[TV (u is the molecular weight). Hence c = c, — yg/T. 


177. By the first law, the heat received by 1 mole of vapour is 
6Q = dH, — V,dp, and the molar heat of vaporisation q satisfies 
uq = H, — H,, where H, and H,are the molar enthalpies of the sa- 
turated vapour and the liquid, H, being dependent on T only. On 
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differentiating the last relationship with respect to T, we find udq/dT 
= dH,/dT — dH,/dT. Fortheliquid dH, = c,dT + V,dp, where the 
last term can be neglected. Hence dH, = u(dq[dT)dT + c,dT. In 
the process in question dp and dT are connected by dp/dT 
= q/T(v, — vi) © uq[TV,. As a result, we obtain for the specific 
heat of the saturated vapour: 


c = ôQ|dT = c, — uq|[T + udq[dT. 


Here, c, is the specific heat of the liquid, whereas in the approximate 
formula of the previous problem c, was to be understood as the 
specific heat of the vapour. This approximate formula yields a lower 
value for the absolute value of c than the more accurate formula of 
the present problem. The error does not exceed 10 per cent. 


178. On adiabatic compression the water vapour becomes un- 
saturated, on adiabatic expansion it becomes supersaturated. (The 
production of supersaturated water vapour by adiabatic expansion 
is used in a cloud chamber.) 


180.1 = — Po "P: = 0-0075°; 
P2 — Pı q 


h — tí T(v, — v2) 


p = PRILPL,4 p, = 4582 mmHg. 


f; — fi 


181. In phase transitions of the first kind the ratio c/a changes 
with a jump at the point O. In phase transitions of the second kind 
the ratio changes continuously, and becomes unity at the tem- 
perature O. 


182. We shall prove, for instance, the second relationship. We 
can write for the differential of the entropy of each phase: 


sce OE) anger gy nomeo 
ôT), ap Jr T ar), 


If the points (7, p) and (T + dT, p + dp) both lie on the equilibrium 
curve, we have 
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(S, is the entropy of one, S, of the other phase). This means that 


ar - A( T) dp =0 
T ôT), 


whence the required relationship follows. The other three relation- 
ships are proved in the same way. 

183. ar = IUe — OP _ ogge; 4" _ SAT L 00066. 
q m q 
The last result is most easily obtained from the condition that the 
entropy be constant during the process. 


185. v, = v, + X. z z 1700 cm? g~t. 
TJNXdp 


186. The bodies A and B can exchange internal energy by means 
of heat exchange and can perform work on one another. Since they 
are situated in a rigid adiabatic envelope, the changes in their inter- 
nal energies in an elementary process are connected by dU, 
= — dUg. Since action and reaction are equal, 6A, = — ÓóAg, 
where 6A, is the work done by A on B, and óAg is the work done 
by B on A. Thus (dU + 6A), = — (dU + ó4)g, or Q4 = —óQs. 
The amount of heat received by A is equal to the amount of heat 
released by B. According to the Clausius postulate, the only pro- 
cesses that can occur in the system are those in which heat passes 
from the hotter to the cooler body. It follows from this that dQ, < 0, 
ógQ > 0, since T, > Tg. On applying the Clausius inequality to each 
body, we obtain 


AS, > | $a, AS; >| 2. 
Ta Tp 





On adding these inequalities and noting that S, + Sg = S, we 
find that 


AS > 804, 3Q» > | 000(= - 7.) >0. 
Ta Ts Ts Ta 
188. AS = mc In T,/T,, where m is the mass of the substance. 


189. AS = 63 caldeg !. 
190. AS = 3:2caldeg^!. 
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191. AS = (RM[p) ln (V;/V,), where u is the molecular weight of 
the gas. 


k 
pads gus e. 
Cp Vi 
where = —; AS= $,— S, = (ke, — cp) In—. 
Cy V; 


For an isothermal process: AU = 0; AS = RIn VjJV,. 
For an adiabatic process: AU = [pV?/(y — 1)] (1/V2-! — 1/V?-*); 
AS = 0. 
3 Vi +1 
193. AU = E Vul1-— 2 = —625calmol-. 


2 
2 


AS — —2R In P2. € —4caldeg-! mol-!. 


1 
2 


V 
Q = —P,V, ( = z) z —417 calmole-!. 


2 


The system releases, and does not absorb, heat. 


194. AU = CA Ea — 1) = —117 cal. 
2 V, 
3 Vi 
= — pi, V;{— — 1} = —70cal. 
Q 2 Di ( ) 


— = —020caldeg-!. 


195. AS = 4:56 caldeg-?. 
196. AS = R(Milu, + Malua) In 2. 


197. $, — S, = E (sy, + 37) n2 t Ta 
2 5vi + 3v; 
- =" In T, + 3v;ln T,) + R(», + v2)ln2 = 0-16 caldeg-’, 


where v», = 0-0402 is the number of moles of hydrogen, v, = 0-0948 
is the number of moles of helium. 
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198. AU = U — U = M o T27! — 1); 
H 


M 
AS = S — Sy =—=c,y —1)In2, where y » 
u Cy 


199. S = c,In T + Rin (V — b) + const. The equation of the 
adiabat is obtained by equating this expression to a constant. 


a RteQ—c 
200. (> + m)" — b) *»* = const. 
201.5 = c, In T + 10, + const, 


where c, is the specific heat of the liquid, q(T)is the heat of vaporisa- 
tion at the temperature T, $ is the ratio of the mass of vapour to 
the total mass of the system. 


yo) 
202. i — 2T, ( e Z) = 26,7, [ : (22) | 
T, Pi 


For carbon dioxide v ~ 460 m sec-!. 


2 LN 
203. T = T, — Ë = 194°K: p, (p = 3-1atm 


26; 


(u is the molecular weight, c, is the molar specific heat, p is the 
atmospheric pressure). 


204. v = bz T. 
u 





This maximum velocity is reached when the gas flows adiabatically 
into a vacuum (or in practice, when P/p > 1, where P is the gas 
pressure in the flask, p is the external pressure). 





205. M; = e% x 22, where vo = peer z 2:58 kmsec-!. 
M u 
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206. We can write for the required ratio (see the discussion in $ 94 
of L.D.Landau and E.M.Lifshitz, Electrodynamics of Continuous 
Media, Pergamon Press, Oxford, 1960) 


2 
(Z aS 
code Abh S (Y Y (88) (2 
Desst Iori (Zir ôs Ja NOT, NOV], 


Op 


sS 


where we have made use of the expressions for 4p? and As?, and 
of the formula c, = T(0s/0T),. Since the differential of the specific 
enthalpy dh = T ds + V dp is a total differential, we have (0T/0p), 
= (0V/ds),. Hence 


w _( OT) (2) (2VY (as. 

| Pere ay cee 0p J, N0V /,N 0s /,\ oT J, 
_ (a0) (a 
av).\aT/, 


or, using the identity (07/0V), (0V/ds); (0s]|OT), = — 1, 


n woan- EE 
0878 


ôT ôV ôs 
Regarding the entropy s as a function of T and V, we obtain: 
aae 
oT), XOT], \OV/e\ ôT) 
(&) -(& 
I EM oT p oT y Cp — Cy 


15-350 + Pr ( =) Cy 
V 


15-59 F i dn 


Finally: 


(the Landau-Placzek formula). 
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§ 5. PROPERTIES OF LIQUIDS. SURFACE TENSION. 
SOLUTIONS 


207. 6 = d6o(1 + Bp) = 1:054 gcm-?. 


zt d*pr 


z 0:01 gcm-! sec-! (pisthe pressure difference). 
UE g (p p ) 


208. n = 





209.0 = VT z 80 dyne cm- !. 


210. o = mg/ad z 70 dyne cm^! (m is the mass of the drop). 


211. Thearmofthe balance from which the capillary issuspended 
falls. 


212. hy — hj = Md a 
0g d, d; 
213. do/dT = —q/T, where q is the amount of heat consumed in 


increasing isothermally the surface of the liquid by unity (the latent 

heat of formation of the surface). The problem is solved in the same 

way as Problem 172. 

4Ao(d, — di) 
ogd, d; 


214. Ath, = ha) = x 24-2 mm. 


215. p = — zx 19-8 kgcm-?. 


alé 


216. p = - z 0:29 mmHg. 


31]: 28 Sn. 
oga 


218. d, is found from the equation 


4c 4c 
(>. + ogh + z dì = (>. + £) di, 


1 
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where po is the atmospheric pressure. Since 4o/d, < p and 4a/d, 
< Po, these terms can be discarded (i.e. surface tension is neglected). 
This gives: d; = 5:3 x 107? cm. 


2c 20 V — 8opgl 
p eant + [hp ogi + 2) - ZE 
r r 








219. h = d 
208 
» 2cl 
20 
r(p + ogl! + z) 
F 
(p is the atmospheric pressure). 
220. AT > nid T 
pr 
221. p = 8po + em. 
r 
Rie OS aie, 
dog 
ee ocos l | 2e cos 1 
ax ogx x 
sin — 
0g 2 
224. F = Z cos 3 = 1-46 x10? dyne = 1490 kg. 
0 
225, F = 228008? ^, Rs = 64kg 
m 
(m is the mass of the mercury). 
2 2 
D puse Lea T 
ogd* 


227. The pressure inside the liquid at the level of the point A 
(Fig.5, page 39) is p — po — ogy, where po is the atmospheric pres- 
sure. The same pressure can be expressed by Laplace's formula 
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P = po — oK, where K is the absolute value of the liquid surface 
curvature at the point A. Hence 


ogy = oK. (1) 


By definition of the curvature, K = — dy[ds, where ds is the element 
of arc, regarded as positive when in an upwards direction. It is con- 
nected with dx and dy by: dx = ds cos p; dy = ds sin y. Hence 


dp dg . 
K = ——cosg = ——-sin g. 
T ay 


On substituting these expressions in (1), we get the two equations: 
ogy dy + o sing dg = 0, (2) 
ogy dx + acosydp = 0. (3) 


On integrating (2) with the initial condition p = zat y = 0, we get 


y22 Z cos ?., (4) 


og | 2 


Substitution of this expression in (3) leads to the equation 


1 jo dg 





dx = — Z cos dp + — — 
08 88 sos È 


3 


integration of which, with the initial condition x = 0 at  — $x, 
gives: 





m = tan f 7 
x22 z — sag] + n OE (5) 
og | V2 2 0g an 


228. The minimum thickness D — MN of the liquid column 
when the plate is raised to its maximum height h (Fig. 5, page 39) is 
determined from the requirement that p = 0 when y = h. On sub- 
stituting x = $(a — D), y = 0 in formula (5) of the previous 


UPI. 10 IV 
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to the length of the plate and touching the liquid surface at in- 
finity (Fig.24). The equation of the lateral liquid surface is now: 





X 
1 uri 
x= = E. — cos + 5n ; (1) 
og | V2 2 08 an? 
_ 4 
y= —2 | Esin 9, Q) 


og 2 


The minimum distance D = MN when the plate submersion is a 
maximum |y|max is determined from the requirement that o = x, 
which gives 


D=a-2 JZ (v2 tan) = a — 1:066 iss (3) 
eg 8 0g 





Ifa < 1-066 cog, then D = 0, and the limiting value g = z is 
not reached. 

We first take the casea > 1-066 Vo/og. In this case the maximum 
depth of submersion of the upper face of the plate is determined 
from (2) in which we put g = 7. It is equal to |ylmax = 2 Volog. 
The pressure difference og(A + |y|max) Will now act in an upwards 
direction on the face of the plate, and must balance the weight of 
the plate. The maximum plate thickness before it sinks is given by 
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the condition og(A + |ylmax) = Cog, i.€. 
— 
en eg E (4) 
00—0*' 8 





We now take the case a < 1:066 Va/og. In this case 


OF «2 
[Imax = AE sine, (5) 


where g is given by the equation 





M 
— urs 

- -2 Ra E c [Sdn (6) 
0g 5 eis ? 


We obtain for the maximum plate thickness: 


meet iU AE LE. (7) 
00—0* 8 2 ga(eo — e) 


If a < Vo/og, the first term on the right can be neglected. As is 
clear from (6), we now have 9 = 42, and we find: 


7 20 
2a(0o — 0) 


i.e. the weight of the plate is balanced by the surface tension and 
the Archimedean lifting force. 





or 2e = gah(oo — o), (8) 


230. Neglecting the curvature of the plate circumference, we 
obtain: EN 
F x 27r? Vogo x 110 g. 


231. h = [22 — sind). 
0$ 


232. The surfaces of the liquid and needle diverge tangentially 
at the point A (Fig.25). The surface tension force F, = 2e sino 
acts upwards per unit length of the needle. A hydrostatic pressure 
force, also directed upwards, likewise acts on the needle. If the part 
ACB of the needle werc to be replaced by liquid, the hydrostatic 
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pressure force would be F, = ogh: AB = 2oghr sin 9, where r is 
the needle radius and o the density of the liquid. Due to the fact 
that the part ACB is submerged in the liquid, an additional hydro- 
static force F, acts on the needle, equal to the weight of water dis- 
placed by ACB, i.e. F4 = gr?(0 — sin 9 cos 0). The sum of the 
three forces F,, F,, F4 must balance the weight of unit length of 
the needle. This gives: 


2c sin È + 2oghr sin 0 + ogr?(9 — sin 9 cos 0) = oognr?. 





The angle 9 and the height h are connected by h = 2 Volos: sin dd 
(see the solution to Problem 229), and the previous equation takes 
the form 


[zeo —0 (s — Ps 20) r? 


— 4r (2. sin sin P. E LG 0. (D 
g 2 g 
We obtain for D and H: 





D —-2rsin2 +2 id ed E 
0g 2 4 


—2 ATE 4 In anz}, (2) 
0g 8 


H = 2r sin? Ž 9 sine. (3) 
og 
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After substituting the numerical values: 


| 245 — (0 — : sin 9) r? 


— 1-091 sind sin Z -r — 0:1488 sind = 0, (4) 


D = 2rsin 9 + 1-091 cos = +1:256log1otan ^ — 0:291. (5) 


(It is assumed here that all the lengths are expressed in centimetres.) 
The following table is obtained on assigning different values to 2: 


0? |rmm|H mm|D mm 0? rmm | H mm, Dmm 


10 | 0.328 | 0481; — 90 0.990 | 4.85 | 1.98 
20 |0.471|]0.975 | — 100 1-005 | 5.35 | 1-91 
30 | 0-583 | 1.49 — 110 1.001 | 5.82 | 1-68 
40 | 0-680 | 2.03 — 120 0.977 | 6.20 | 1-24 
50 | 0-763 | 2-58 — 130 0.922 | 6-45 | 0-65 
60 | 0.840 | 3.15 = 139 0-846 | 6.59 | 0.04 
70 =| 0-903 | 3-72 139?30'* 0.842 , 6-60 | 0.00 


The greatest radius r is obtained with 2 z 100? and is approx- 
imately 1 mm. If r > 0:842 mm, the needle has two equilibrium 
positions: one with 2 < 100°, the other with 2 z; 100°. If 
r < 0:842 mm, there is only one equilibrium position with 2 < 60°, 
since in this case, when 2 z; 60°, formula (5) gives a negative value 
for D. The maximum depth of submersion H is obtained with 
r = 0:842 mm and is approximately 6:60 mm. 


233. The plates are attracted in cases (1) and (2). In case (3) they 
are repelled. 
_ (aR — DES 
2uR2 


234.6 


235. The amount of heat received by the film on stretching is 
6Q = q dS + CdT, where q is the heat of formation of unit area 
of film, Cis its specific heat. Since (seeProblem213) q = — Tdo/dT, 
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then 6Q = — T(deo[dT) dS + CdT. Using this relationship, we 
easily obtain AT = (2T/olc) (do[dT) = — 0-0195*. 


236. The time t is connected with the bubble radius by 
t = (2yl/or*) (R$ — R^). 
The bubble disappears after 
t = (2nlfor*)R¢ = 7:2 x 10? sec = 2 hr. 


237. t = (2[1a?) V2pufoRT r2? œ% 630 sec = 10:5 min, where R 
is the universal gas constant. (See the answer to the previous prob- 
lem.) 


3 
jag Tow. = 
oO 


239.1 ~ = 


g 


240. 100-59? 


h ——+| 


Fic. 26 


241. From symmetry, the film is a surface of revolution about 
the line through the centres of the rings. We intersect the film sur- 
face by an arbitrary plane through the axis of revolution, which we 
take as the xy plane (Fig. 26). Since the pressures on both sides of the 
film are the same, its total curvature 1/R, + 1/R must be zero. 
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The radius of curvature R, of the normal section of the film lying 
in the xy plane is given by 1/R, = — y”/(1 + y/2)?? (it is negative). 
The radius of curvature of the section perpendicular to it is easily 
found by using the familiar theorem of differential geometry, which 
gives y = R, cosa, whence R, = y V1 + y? (it is positive). The 
differential equation for the axial section of the film is therefore 








Euch () 
)]!-»y? y 


We use the substitution y' = sinh. Then 1 + y? = cosh?#, 
y = cosh #/(d9/dx). On differentiating the last relationship and 
noting that y' = sinh 2, we find that dü/dx = 0, whence 9 = ax + b, 
where a and b are constants. The constants a and b are found from 
the boundary conditions: y = R when x = +h. Obviously, b = 0, 
since, from symmetry, y must be an even function of x. Finally, 


= d odi ax — a (e> + e), (2) 
a 2a 


where the constant a is given by 
aR = cosh ah. (3) 


The film surface is obtained by revolution of curve (2) about the 
x axis. It is termed a catenoid. Equation (3) is most easily investi- 
gated and solved graphically. It is easily shown by usingthis method 
that (3) only has a solution if R/h > 1:51. This means that, to be 
able to form a film between the rings, the distance 2h between them 
must not exceed 2R/I-51 = 1:33R. 


242. The radius r of the cylindrical film is half the radius R ofthe 
spherical part of the film. 


243. The shape of the lateral surface of the film is determined 
by the requirement that the total curvature 1/R, + 1/R; remain 
constant. (As distinct from Problem 241, this constant is in general 
non-zero.) This leads to the differential equation 


1 y” 


A = (+ yay = const = 2K. (1) 
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(The notation is the same as in Problem 241.) On again using the 
substitution y = sinh , we obtain: 








d 1 
= = 2Ky, 2 
dy (i » á e 
whence 
Á 
= Ky+—, 3 
cosh # * y o) 


where A is a constant of integration. Having found sinh ó from 
this with the aid of the formula sinh? = cosh? — 1 and recalling 
the notation y — sinh 2, we find: 


[LL KR pA = dy + B, (4) 
Vy? — (Ky? + A)? 


where B is a second constant of integration. The constants of 
integration A and Bare found from the boundary conditions y= R 
when x = +h. Formula (4) in conjunction with these boundary 
conditions provides the solution. 

If A = 0, the integration in (4) is elementary and we have: 


1 
2 

(x- a} +y = pU 
where a is a constant of integration. When a = 0a circle of radius 
R = 1/Kis obtained, with centre at the origin. This solution cor- 
responds to the case when the radius of the rings becomes zero. 
When a = +1/K a circle is obtained with centre x = +1/K, 
whilst with a = — 1/K, the centre is at x = — 1/K. Both these 
circles have the same radius R = 1/K and touch one another at the 
origin. These solutions correspond to the case when the distance 

between the rings is equal to half the radius of the rings. 


245. When determining the surface tension we must bear in mind 
that the liquid is in equilibrium with its saturated vapour. Strictly 
speaking, we should not have spoken of the “surface tension of the 
liquid", but ofthe surface tension at the boundary between the two 
phases, liquid and gaseous, in equilibrium. At the critical tem- 
perature, however, the substance can only be in one phase, not in 
two. We might say formally that the two phases become identical. 
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Thus there cannot be a boundary between them, and the surface 
tension must be zero. 


247. p = po + Qol[r) : (d,[d)). Here o is the surface tension of 
the liquid, d, is the vapour density, d, the liquid density. The plus 
sign refers to liquids that do not wet the capillary, the minus 
sign to wetting liquids. 


248. The stationary flux of vapour through any spherical surface 
of radius r concentric with the surface of the drop is 


d 
= —D-:4ar? (=) = const, 
r 


whence 
q 
poe . 
d 4x Dr id 
We find q from the condition that the vapour is saturated on the 
drop surfaces (r — a). This gives 


u = y 
q= 4xDa(o, "ES vo) = irc EE Po)» 


where u is the molecular weight of the vapour, ps is the pressure of 
the saturated vapour at the temperature of the drop, p, is the 
partial vapour pressure remote from the drop. On substituting this 
value of q in the earlier formula, we get 


a 
Oo = (5) (00, — Ovo) + Ora: 
249. The stationary vapour diffusion equation and the relevant 
boundary conditions are 
V 70 = 0, 


_ Ove 8t r = 00 
3 OQ», at the drop surface. 


The flux of vapour through any closed surface surrounding the drop 
is independent of the position and form of the surface. On taking 
as this surface the surface S of the drop itself, we can write for the 
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flux 
de 
= -D0 —ds, 
q x 


where do,/dn is the derivative of o, in the direction of the outward 
normal n to the surface S. 

Let us compare this problem with the electrostatic problem of the 
field of a charged conductor with the surface S. It is defined by the 
potential p, which satisfies the conditions: 


V?g = 0, 
| )Pa atr = oo 
E gs on the surface S. 


The charge Q on the conductor is 


I ô 
= —— p “dS = Cys — 9.) 
s ôn 


(C is the capacity of the drop). 
Mathematically, the two problems are identical and have unique 
solutions. Hence 


q = 4nCD(o,, — Cva): 


In the particular case ofa sphere C = a, and we obtain the solution 
of the previous problem. 
a? 0i 4 RTo, 


2D (1 — Pos, 2D (1 — fupe ` 
(D v4, = 37 min; (2) Tyap = 0:13 sec. 


250. Tap = 


251. The saturated vapour pressure p,, at the drop surface is 
given by 
RT 20 0, 


Psa — Psa = — (Osa = Oso) = —— 
la a Qi 


(see Problem 247). But, according to the solution of Problem 248: 


a 2ou 
= + uas aD = vo l + 
Ov = Ovo k (0s 0s e) 0 | E 
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The vapour density o, is therefore independent in this case of the 
drop radius a. The vapour flux 


q = —4xa*D do» = 8ucuD fus 
l /r=a o, RT 


is constant and also independent of the radius a. Hence 


4x, Oe RT dz (sy. a 


= oe a = To . 
bou Do, H 6o Dp, 





Tvap 


(1) tyap 225hr; (2)v4, = 0:8 sec. 

252. Doom = CRT]u = 3:3atm, where C is the concentration, 
u the molecular weight. 

253. t x 35°, 

254. u « 360. 


255. Doom = [1 + a(n — 1)] (mRT][uv), where m is the mass of 
dissolved substance in the volume v. 


256. Pom © l5atm. 


257. Po — pi = (OvlOs)Poss, Where o, is the vapour density, o, the 
solution density. 


258. OPi _ x. 
Po 


259. Pi = Do(1 = k) = 167mm Hg. 


260. By Raoult’s law, the vapour density Qa» close to the drop 
surface is connected with the corresponding density.g,,, remote from 
the drop by 


Ova — Ovo = k, 
vo 


where the ratio k of the number of moles of salt to the number 
of moles of solvent can be written in the form k = Am/o,,,r°, where 
A is a constant. Thus 


Am 
Qva = Qv, + cu 
r 
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On now using the solution of Problem 248, we easily obtain 

a5 = a + 5 DAmt, 
where ao is the drop radius at ¢ = 0. 


261. T, = To + nRTo[mq = 101-755, where T, is the boiling- 
point of the pure solvent, n is the total number of moles of the dis- 
solved substances and m is the mass of solvent. 


262. t = 100-016". 


263. t = —nRT?/mq = — 0:054*, where T is the absolute freez- 
ing-point of the pure solvent, nis the number of moles of solute, and 
mis the mass of solvent. 


2 
264.1 = -2(2) At = —0-180°. 
qı Tə 
RT?m 


265. n = ——— —— = 2 (Ris the universal gas constant). 
qMA- AT 


$6. KiNETIC THEORY OF MATTER 
266. n = 3:24 x 1079. 
267. p = 1:74 x 107^ mmHg. 


268. Let the piston move in the cylinder with a velocity u which 
is small compared with the mean velocity of the gas molecules. We 
take the cylinder axis as the x axis in a rectangular system of co- 
ordinates. We consider the reflexion from the piston of a molecule, 
the x component of the velocity of which relative to the cylinder 
wall is t,. 

We introduce a moving co-ordinate system connected with the 
piston. In this system the x component of the velocity of the mole- 
cule is v, — u. After reflexion from the piston the x component of 
the velocity has the same magnitude in the moving co-ordinate sys- 
tem but reversed sign. Thus the molecule velocity after reflexion is 
— (v, — u) relative to the moving system, and —(v, — u) + u 
= —v, + 2u relative to the cylinder wall. 
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The two remaining velocity components are unchanged by re- 
flexion. The change in the kinetic energy ofthe molecule is therefore 


m m 
—(v, — 2u)? — — v? = —mvwu, 
2 2 


if we neglect the term in u?. 

Let N, be the number of molecules, the x component of the velo- 
city of whichisv,,. The number of molecules of this type striking the 
piston per second is N,v;,5/V, where Sis the piston area. The change 
in the kineticenergy of these molecules per second is — SumN,v2,/V, 
whilst the change in kinetic energy of the gas as a whole is 


dE Sum y Nw? = ORAN = 1 SuNm » 
dt V V 3 V 








Eu 

3 V 

On substituting Su = dV/dt in this and integrating, we obtain 
EV?! = const. Finally, taking into account that pV = 2E/3, we 
get 

pv* = const. 


269. The arguments used in solving the previous problem retain 
their force for a diatomic gas. The only difference is that, for a 
monatomic gas, the total energy E is the kinetic energy of the trans- 
lational motion of the molecules, whereas in the case of a diatomic 
gas we have to add the kinetic energy of the rotations of the mole- 
cules. The rotational motion of the molecules is unchanged, how- 
ever, by reflexion from the piston. As before, only the x-component 
of the translational motion of a molecule is affected. We can there- 
fore write, as in the solution of the previous problem: 


dE _ 1l uSNm z 
dt 3 V l 





According to classical theory, the kinetic energy at thermal equi- 
librium is uniformly distributed over the degrees of freedom. 
Observing that a molecule of diatomic gas has five degrees of 
freedom, three translational and two rotational ones, we find 
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for the total cnergy: 
1 = 1 = 5 = 
E = — Nm? + — Nm = — Nmv?. 
2 3 6 


Hence dE/dt = —2SuE/5V, whence EV??? = const. Finally, not- 
ing that pV = Nmv?[3 = 2E/5, we find that 


pV’ = const. 





2 
210. v? = AT 3 HUE = AT 
m 2 2 





271. v ~ p’ 





j v M(vj- vi) 
272. + “3 -e 2RT = 0-98 (M is the molecular weight). 
om = 342 msec^! 
M 
v= BRT = 1-13 vm = 386 msec^!; 


a 
Vo = 2 = 1-23 vm = 420 msec^!. 


274. t = 153°. 


276. Wc first takc the particular case when all thc molecules have 
the same absolute values of the velocities, but their distribution 
ovcr the velocities is isotropic. In this case the number of moleculcs 
per cm?, thc directions of the velocities of which lie inside the solid 
angle dQ, is dn = ndQ2/4x, where n is the number of molecules pcr 
cubic centimetre. Let us consider the molecules that strike 1 cm? 
of wall at angles of incidence between à and # + dO. In this case 
dQ = 2x x sind dd, dn = $n sin 9 dd. The number of collisions 
of moleculcs of this type per square centimetre of wall per second 
will bc dz = 4nv sin ® x cos? dd. On intcgrating this expression 
between 0 and 4:2, we find that z = nv[4. 
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If the absolute velocities of the molecules are different, we have 
to group the molecules so that they have about the same velocity 
in a given group. We easily find in this way that 


z= -—nv, 
4 


where v is the mean velocity of the molecules. For a Maxwell 
distribution: 





4N aM V 22M’ 


277. For an isotropic distribution E = mnv3/8, for a Maxwell 


distribution E = n V2k3T 3/mz, where m is the mass of a molecule, 
n is the number of molecules per cubic centimetre. 


278.7 = SS id: 
Sv 


o= Pi | AV Pr Pi 


279. (1) t = nZ d 
Po — P2 Sv Po 


al ~ 1:17 sec. 
v 


(2) t = fna ~ 6:2 x 10* sec = 17 hr. 
v 


280. The equations for the balance of the nitrogen molecules are 





ANY? _ _1 Sw vg 
= NW ) — NO 
dt 4 y x) 
dN} M l Svy PEN (Ni? — NP) M 
di ^4 F ns: 


where NP and N are the numbers of nitrogen molecules in the 
first and second halves of the vessel. Since NP + NË = Ny 
= const, the first equation reduces to the form 


dN’ _ _ Soy NOD — Ny\ 
dt 2V 2 
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On integrating this with the initial condition N@ = Ny at t = 0, 
we get 


Sv 
NP = He + g) 


Sv, Q) 
NP = Nw (, 2 om) 
2 
Similarly, for the oxygen molecules: 
So 
wp - Ne crx) 
2 
(3) 


Svo 
N? = >o (, + pu) 


Since the initial pressures in the two halves are the same, 
Ny = No = N. The pressure in the first half is 





_ Soy, _ 5% 
] e 2V — e 2V 
Pı = —(NV) + NQ}RT =p f + Fiat (4) 
V 2 
The pressure in the second half is 


ao DON 
2V — e 2V 


2 








-— (5) 


At t = O and t = oo, (4) and (5) give p, = p; = p, as must be the 
case. 


281. n 2 ng Vón, where n is the density of the particles in the 
vessel, and ng in the beam. 


282. The number of molecules lost per second by 1 cm? of the 
drop is x = (n — n,.)v/4, where n and n, are the numbers of mole- 
cules of saturated vapour over the drop and the plane surface of the 
liquid per cubic centimetre. The difference between them is found 


UPI. 11 IV 
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from the relationships: 


p—nkT; Po = ngkT; pop = s, 


Y Qi — Ov 





which give 


" ] o Oy a3 ON Ov | 2 
2kT r 01 — o r 0:1 — 0, auRT ” 


where u is the molecular weight, and N Avogradro's number. We 
can neglect o, in the denominator. We easily find for o,: o, = 1-73 
x 1075 gcm-?. After substituting the numerical values, we get 
x = 455 x 10!5 molecules cm-?sec-!. 








284. d = —2:5x10 ?cm. 


/ 1 
N J/2 nzA 
285. A = 2L = 0.89 x 1075 cm. 
QU 
286. z = V2 adn x 2:2 x 105. 
287. p < 1-1 x 107? mm Hg. 
N 
288z T 2; AT. 
289.4 — p^; z — p. 


Sab Led c 
290.14 ~p *; z~p2?, where y = =. 


291 n ES rara E P2) (p2 + mp 
128/V (ps — p3 (n1 + P2) 
~ 14 x 10-5 gem~'sec—}, 
d = È 02445x1035cm?; d-38x10-5cm. 
3J2 an 
292. d? = eymo v 2 (t, — t) > d223x10-* cm. 


072i? R In 22. 


Ti 


ANSWERS AND SOLUTIONS 163 


293. p = —/ Rt = gl», 
2fh 

294. We consider a ring of inner radius r and outer radius r + dr 
on the rotating disc. The number of molecules reflected per second 
from the area of this ring is (nv/4) - 2ztr dr. Each of these loses an- 
gular momentum mr?w, which is transmitted to the fixed disc. The 
total angular momentum transmitted per second to the disc is easily 
found by integration. On equating it to the moment fq’ of the force 
acting from the twisted thread, we obtain for the angle of twist: 


,  3ap Bid 3 ph 


z 1°, 
8vf 4 m 


where 9 is the angle of twist corresponding to the case when the 
distance between the discs is small compared with the mean free 
path of a molecule (see the previous problem). 


296. Since the distance between the walls is small compared with 
their dimensions, we can regard the walls as plane for the purposes 
of calculation. The temperature of one wall can be taken as equal to 
the temperature of the surrounding air To, and of the other to the 
temperature 7' of the liquid air. The molecules reflected from the 
outer wall will be described as “‘hot’’, and those reflected from the 
inner wall as “cold”. Let the numbers of these molecules per cubic 
centimetre be ny and n, and their velocities vo and v respectively. The 
number of molecules reflected from 1 cm? of the hot wall per second 
is ngvo/4 = nv/4. These molecules transmit the mount of heat 
(novo/4) + SkTo/2 to the cold wall; conversely they lose the amount 
of heat (ngvo[4) : SkT|2. Consequently M = 5novokS(Ts — T)t/8q. 
The pressure of the residual gas, if its temperature is Tọ, is 
p = (n + ng)kT,. We finally obtain without difficulty: 


= 5 sp [SET (um, - VT)t x 110g. 


8q HT 








297. When estimating the effect, it can be assumed that one 
sixth of the molecules of air moves to the right, and one sixth to the 
left. The molecules moving parallel to the plane of the disc can be 
neglected. We shall assume that the molecule velocities v are the 
same. Let the disc move uniformly with velocity u with the cooler 
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surface forward. The number of collisions per square centimetre of 
this surface per second is n(v + u)/6. To estimate the effect, we can 
assume that, in a coordinate system moving with the disc, a mole- 
cule is reflected with velocity v, corresponding to the temperature 
T, of the surface. In a fixed co-ordinate system the velocity ofthe 
reflected molecule is v; + u, and its change in velocity is v; +u +v. 
The gas pressure on the cooler surface is therefore 


pa = mn(v + u) (v5 + u + v)/6. 
Similarly, the pressure on the warmer surface is 

pi = nm(v — u) (v, + v — u)/6. 
With steady-state motion, p; — p,. We easily find from this condi- 
tion that 


2 2 
- vU, — V2 vı — v2 U Vy — V3 


UR 


Ay + vy + vy 6 12 vw 











— 1 {3RT T, — T2 
“PDN » T 
298. The gas willflow into the vessel with the higher temperature: 
m= MED VT VT yy 2, 
T, + T, AT, ENT 15 
299, E = 5pV|2 = 375 kg m. 
300. About 55 cal. 
301. About 0-75 calg-! deg7!. 


T+ 3a 
5ra 


304. c, = 6R for XY and c, = 9R for XY,. 

Each atom of a molecule has three degrees of freedom. If the 
molecules form a solid, the atoms perform small vibrations about 
their equilibrium positions. According to classical theory the mean 
kinetic energy per degree of freedom is KT. Since the mean kinetic 
and potential encrgies in a harmonic vibration are equal, the total 
energy per atom is 3kT on the average. If there are n atoms per 
molecule, the mean energy per molecule is 3nkT, and the molar 
specific heat is 3nR. 


z 1-4 m/sec. 


302. y = 
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305. c, — TR — 1:68 calg-!deg-!. 


306. Pombo = NoZkT/A z 7:5 x 101? atm, where N isAvogadro's 
number, Z = 92 is the atomic number of uranium, A = 238 is its 
atomic weight; Dearth = F%earth@R xz 1:7 x 10° atm, where R isthe 
Earth’s radius. 

307. In the c.g.s. system: 

Q = QyM?|5) (1JR; — 1/R1) = (3yM?/5) (Ry — R2)/RiR2). 
If R; = 0-9R,,thenQ = 3yM?/50R, = 2-3 x 10% erg. The energy 
radiated by the Sun in a year is about 1-2 x 10*! erg. The heat re- 
leased when the Sun is contracting would be sufficient for about 
1-9 x 10° years. If the Sun were suddenly compressed by one-tenth 
its initial radius, its temperature would rise by approximately 
4:6 x 10? deg. 

We first calculate the heat of formation W of the Sun from in- 
finitely rarefied matter. We take an infinitesimally thin spherical 
layer of mass dm whose centre coincides with the Sun’s centre. The 
resultant of all the gravitational forces acting on an elementary 
mass of the layer and produced by all the mass situated further 
away from the Sun’s centre is zero. The matter closer to the Sun’s 
centre acts as though its mass were concentrated at the centre. If 
its total mass is m, the work done by the gravitational forces when 
the layer is moved from infinity to a distance r from the Sun’s 


centre is 
mdm 





= “ yór?dm, 


where 6 is the density of the Sun. Suppose now that the process of 
formation of the Sun from infinitely rarefied matter has been com- 
pleted. Then dm = 4zr?ó dr, and we obtain for the heat of forma- 
tion: 

R 2 

W(R) = Tira dr = 16 e = XN d $ 

o 3 15 5 R 
where R is the Sun’s radius. Similarly, the heat Q released on a 
decrease of the Sun’s radius is obviously equal to 


Q = W(R;) - W(Ry). 


If the Sun consisted only of hydrogen, the hydrogen would ob- 
viously be not only dissociated but also totally ionised. There would 
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thus be 2N particles per gram of the Sun's mass: N electrons and 
N protons. The mean kinetic energy of their thermal motion is 
2N + (3kT[|2) = 3RT. The specific heat of the solar material would 
in this case be equal to c, = 3R & 6calg-! degt. 


308. The figure for the specific heat must beless than the classical 
value. 

The hydrogen molecule H, has six degrees of freedom: three 
translational, two rotational and one vibrational degree of free- 
dom. If the interaction forces can be neglected, the translational 
motion of the molecules can be regarded as free motion. Such mo- 
tion is not quantised —its energy can take any value. On the con- 
trary, the vibrational and rotational motions are quantised — their 
energies can only take a series of discrete values. At ordinary tem- 
peratures the quantised values of the energy of the vibrational mo- 
tion are large compared with the mean kinetic energy 3k7/2 of the 
translational motion of the molecules. The thermal motion of the 
molecules is too weak for them to move from lower energy levels 
(zero) of the vibrational motion to higher levels. Almost all the 
molecules are in the lowest vibrational energy level. Under these 
circumstances the energy of the vibrational motion is almost in- 
dependent of temperature, and this motion has no effect on the 
specific heat of the gas. The quantised energies of the rotational 
motion are usually much smaller than the corresponding values for 
the vibrational motion. All the possible quantised rotations are thus 
excited even at ordinary temperatures, and the mean energy per 
degree of freedom ofthe rotational motion is the same as per degree 
of freedom of the translational motion. However, if the gas tem- 
perature is so low that the mean energy of the thermal motion of the 
molecules is small compared with the differences between the energy 
levels of the rotational motion, rotations at high levels cease to be 
excited, and the rotational degrees of freedom will have no effect 
on the specific heat of the gas. Hydrogen begins to behave as a 
monatomic gas. 

25 E 


kT + E2€ kT 


309. E = NE 


+ 3 Rr. 


EL Sum. 
e kT + e kT 


If & —e, > kT, then E x e,N + }RT. 
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310. 9? is diminished a times; g? isincreased f/y* times. It must 


be noted that g? is independent of the moment of inertia of the 
mirror; 


os) 


T 
Dg? 


N= z 6:04 x 1023, 


311. Dy? gu = Iggy = hv[(e *T — 1) z kT(1 — &Av[kT), where 
v = (1/2z) VD/I. The classical formulae are applicable for hv/kT 
« 1. For the mirror, hv/kT ~ 2:5 x 10718. 





312. N = RD. ee 65 x 102. 


$ar*(o — oo)gl 


2RTo In« 


313. hp = ———————————. 
co*(g — eo) (rà — ri) 

315. If we take the z-axis vertically upwards, we can write 
mz 4 mg — 0. On multiplying this by z and noting that zz 
= d(zz)|dt — z?, we obtain: 


cae + mgz — mz? = Q. 
dt 


We integrate this relationship over the period of the motion. The 
integral of the first term gives zero, and we find the required rela- 
tion: 

Epot = 2815. 


In the case of the molecules of a monatomic gas, if we take ac- 
count of collisions, we get Epot = 2244/3. For a diatomic gas, by the 
theorem on the uniform distribution of the kinetic energy over the 
degrees of freedom, £j, = 2£,4,4/5. The total energy of a mole of gas 
in a gravitational field is E = N(€xin + Epot) = 7NExin/S = 7RT[2. 
Its derivative with respect to Tis c,, whereas c, is the derivative of 
the kinetic energy only: Ne, = SRT/2. This gives c, — c, = R. 
This argument is easily extended to monatomic and poly-atomic 
gases. 


2 
dis eue LAEN, 
12A RT 


168 MOLECULAR PHYSICS AND THERMODYNAMICS 


317. It is unchanged. The free fall ofthe vessel is equivalent to a 
removal of the gravity forces. At the instant of removal we have a 
non-uniform distribution ofthe gas density. After a certain time the 
gas molecules will be uniformly distributed throughout the volume 
of the vessel. But obviously, their total kinetic energy, which de- 
termines the temperature of the ideal gas, is unchanged. The ex- 
periment is similar to the familiar Gay-Lussac experiment of the 
expansion of a gas into a vacuum. 


318. The number dn of molecules whose co-ordinates lie between 
r and r + dr, z and z + dz, is equal to 


2  mgz mo?r? 
n mco -ET . SORT 
Se RE — je *T -e 2k r dr dz, 
_ mgl mo?R?2 kT 
(oe ir) (£z - 1) 


where n is the total number of molecules in the vessel. The z axis is 
directed vertically upwards. 





319. We consider a group of Brownian particles, each of which 
undergoes a displacement Ar, in time v. Let n,(z) denote the con- 
centration of these particles, i.e. the number per cm?. Let o be a 
small area perpendicular to the z axis (Fig.27). We denote by r the 
radius vector of the centre of this area. The number otN, of Brown- 
ian particles of the group in question passing through the area ø in 
time t as a result of diffusion is equal to the number of these par- 
ticles in the parallelepiped drawn in Fig.27. If the parallelepiped 
is sufficiently small, the number in question can be taken equal to 
the concentration n,(r — 44r,) at the centre of the parallelepiped, 
multiplied by its volume o4z,. Thus 


otN, = sac — :) ; 


On expanding in powers of Az,, confining ourselves to first order 
terms and observing that n, depends on z but not on x and y, we 
obtain: í - 
n 

N, = — Azn) — — — 

T 2 


Az,)*. 
E ae ) 


The total diffusional flux N of Brownian particles per square cen- 
timetre per second is found by summing this expression over all i, 
i.e. over all the groups of particles. This gives: 
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N= Uu Y. Azn,(r) — 1y (Az? en : 
T 2r Oz 


- 


The first term vanishes on the average, since the probabilities of a 
particle being displaced upwards or downwards from a given 
position are the same. Let n denote the total number of Brownian 
particles per cubic centimetre. Then 


n-2Yn, n(dz)? = Y, (azyni. 


Zz 


Fic. 27 


The 4z,, as independent variables are independent of z. The 
quantity (4z)? is also independent of z, since it is assumed that the 
concentration of Brownian particles is small, so that interaction 
between them plays no part. Thus differentiation of the last for- 


mula with respect to z gives (42)? (dn/dz) =} (4i)? (n;[0z), and 
consequently N = —((4z)?/2r) (dn/dz). On comparing this equa- 
tion with N = — D(On[0z), which defines the diffusion coefficient 
D, we finally obtain 








] ——— 
D = —(Azy. 
= ) 


It follows from the context that (4z)? has to be understood as the 
"average over a set of particles". But since the particles are the 
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same and interactions between them are absent, this average can be 
replaced by the “time average" for a single particle. 


320. The density of the total flux of particles in the positive 
direction of the z axis is nBf — D(0n[Oz), where fis the resultant 
of the gravity force and the upward thrust of the hydrostatic 
pressure acting on the particle (the z axis is directed vertically down- 
wards). On equating this expression to zero and noting that 
n = ngef*'*7, we obtain finally: D = KT - B (Einstein's formula). 





321. (Az? = 2kTBx = gà T. 
3ana 
322. A? = (Ax)? + (Jy? = oe. z 1079 cm?; 
3a 
A? z 10 y. 
323, N = —— RP x 602x 10”, 
3nzar + (4x)? 
324. Ne = 2RT + v3 ,. 
E(Ax)? 


325. N = 5-88 x 107°. 


2 2 2 
326.1 = a z Po c a ~ 1:4 x 1014 sec = 4-4 x 106 years, 
6D 2l  2lc 


where v is the velocity of a cosmic particle, which 1s close to the 
velocity c of light in vacuo. (See the solution to Problem 319). 


327. When the wavelength is of the order of the mean free path. 


328. Deflexion of an electron to larger angles when it collides 
with an ion can occur when the kinetic energy of the electron 4mv? 
is comparable with the potential energy Ze?/r of the interaction of 
these particles at their point of nearest approach (Ze is the charge 
on the ion). If we equate these expressions, we can find r, and thus 
an approximate expression for the cross-section: 


2\2 2\2 
o=ar? zx (= e Ze i (1) 
mv? kT 
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We have taken no account here of interactions at large distances, 
accompanied by deviations through small angles. Due to the ac- 
cumulation of small deflexions in such interactions the momentum 
of an electron can vary by a finite amount. In typical cases the re- 
mote interactions are more important than the near-by inter- 
actions. They have no effect on the formofformula(1), however ;they 
merely alter the numerical coefficient, which is of the order 10-20. 
Thus use can be made of (1) for rough estimates and qualitative 
discussions. 


329. The arguments encountered in the elementary theory of 
electrical conduction in metals are applicable to a plasma. Ac- 
cording to Drude's formula, A4 = e?nl[2mv, where I = 1/no is the 
mean free path of an electron, © = V3kT/m is the mean velocity of 
its thermal motion, n is the number of electrons per cubic centimetre. 
On substituting the expression obtained in the previous problem 
for c, we get 





(kry? 
243m e? 


Awe = 673 x 107 - T?? sec-1 


= 747 x 10-5 T?? ohm-! cm-t. 


A more accurate (though still approximate) theory, that takes 
account of multiple scattering, gives 


A = (1°55 x 108/L)T2/2 sec! = (1-72 x 10-4/L)T?/? ohm-! cm^!, 


where L is the so-called coulomb logarithm, defined by the follow- 
ing formulae: 


L-9-—4iln--3linT for T «16 x 10* degrees, 
L-15-—4lnn-InT for T 216x10* degrees, 


where T is the temperature in degrees Kelvin and n is the concen- 
tration of the plasma, i.e. the number of electrons per cubic centi- 
metre. We obtain for the specific resistance: 


o = 0-58L x 10* x T-?? ohm cm 
= 0:145L x 10-5 T-2/? ohm cm. 


The coulomb logarithm L is weakly dependent on the temperature 
and the plasma concentration. It can be regarded as constant over a 
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wide range of temperatures and concentrations. In this approx- 
imation the electrical conductivity and specific resistance are in- 
dependent of the plasma concentration. The conductivity is di- 
rectly proportional, and the specific resistance inversely propor- 
tional to 7/7, These results refer to the case when the linear 
dimensions of the plasma are large compared with the mean free 
path of an electron. 


330.T x 1:7? x 10? & 1-5 keV. 


331. The Wiedemann-Franz law is applicable to the plasma and 
gives 


2 
z= Mon RETAZ, 
e? 


The thermal conductivity of the plasma is independent of its con- 
centration and proportional to T*/?. 


§ 7. HEAT RADIATION 


332. We locate the layer inside a cavity, the walls of which are 
maintained at a temperature T. In the state of thermal equilibrium, 
an equilibrium (black) radiation is now established in the cavity. 
We consider a beam of this radiation of intensity J), incident on the 
layer at an angle o (Fig. 28). After passing through the layer the 





Fic. 28 
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intensity of the beam is reduced to Jo exp( —a//cos y), where y is the 
angle of refraction. The total intensity of the beam leaving the 
layer at an angle 9 is, on the one hand, equal to 


I + Ig exp(—al/cos y), 


where J is the intensity of the thermal radiation of the layer at 
the angle 9. On the other hand, the intensity of the same radiation 
must be equal to Jp, i.e. the intensity of radiation of a black body 
of temperature T. This gives: 


I 5 Ig ( — dee): 


333. I = (l — 0) (1 — e~*)/(1 — oe), where ô = al[cos y, 
and o is the coefficient of reflexion at the boundary of the layer. 
Both these quantities are functions of the wavelength. 


334. I = h(l — o). 


335. The intensity of the thermal radiation of the plate, issuing 
from left to right, is equal to the intensity of the corresponding 
linearly polarised component of the radiation of an ideally black 
body at the temperature 7; the intensity of the radiation issuing 
in the opposite direction is zero. 


338. S = 4aT?V][3, where a is the constant in the Stefan-Boltz- 
mann law. 


339. U = aT*, where a is the constant in the Stefan-Boltzmann 
law. 


340. c, — 4aT?. 
341. VT? — const. 


342. o = 5 x 10-5 ergsec"!cm-?deg-^. According to modern 
data: 
c = (5:6697 + 0-0010) x 10-5 ergsec^! cm? deg. 


343. t x 1-64 hr. 
344. T x 400°K. 


345. U = L2 be U, S — al. 


c 
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346. dN(v) = 2z dv, where c is the wave propagation velocity 
c 


along the string. 


347. dN(v) = 


2zw dy a : 
— C 22, where c is the wave propagation velo- 
2 
c 


city over the membrane. 


8m?dyV 
c? 


348. dN(v) = , where c is the wave propagation velo- 


city in the parallelepiped. 


349. If hy > kT, then U, ~ (82hv3/c?) exp(—hv/kT) (Wien's 
formula). 
If hv < kT, then U, z (8x?[c?) kT (Rayleigh-Jeans formula). 


350. The black radiation energy density is 











eo 3 ana oo 3 
U= € | i ie DL | x dx. 
c o eT] ch , e-— l 


The integral appearing in this is equal to 


i] -3 © +3p-* oo 
| = ax =| — ax = | x*e7(1 + e7* + e7 + +) dx 








0 e = 1 0 1 T e* 0 
4 
eulx Du mm. 
Bao > am 15 
since the sum of the series in brackets is 7*/90. Hence 
U= Ba kt a 
157? 


On using the relationships given in the answer to Problem 345, we 
find that S = cU/4 = oT*, where 


22°k* 
15c?I? 


To determine the constant « in Wien’s law Amar T = &, we write 
Planck's formula in the form 


U, dv = U, dì = 





o= = 5.6687 x 10-5 ergcm-?deg-^sec^!. 


8xhc da 
hc 
d eT —] 





ANSWERS AND SOLUTIONS 175 


The problem amounts to finding the value of Ama: for which the 
function A*(exp(ic/4kT) — 1) has a minimum. On introducing 
the new unknown f = hc/kT/,4, and proceeding in the usual way, 
we arrive at the transcendental equation 


m 
5 


the root of which is B = 4-96511423. Hence 


Aud ex He = 0-289782 cm deg. 
kB 


351. T ~ 6000°K. 
352. Amar © 29 A. 
1 
n T;: 
VET 
354. No, since the radiating capacity of any body is less than the 
radiating capacity of a black body. 


355. 5370 W. 
356. W = 1900 W; T, = 2700°K. 
C2 


"TY FD TREE 
E.(T)à5 
where T, is the brightness temperature for the wavelength A; T is 


the true temperature; C, and C, are constants; E,(T) is the radiat- 
ing capacity of the grey body. 


Es 


353. T — 





357. T, = 


358. Ana] = = 0:28776 cmdeg. 


(See the answer to Problem 350.) 


E 7 
359. T < — E IV X lU, 4150°K (for A = 7500 A) 
Jk In 100 À 


(å is in Àngstróms). 


176 MOLECULAR PHYSICS AND THERMODYNAMICS 


hv 


3. 
Sx e *T (Wien's formula). 


360. U, = = 


361. The probabilities of absorption and induced radiation are 
equal. Hence x is proportional to N, — N2, where N,, N2 are the 
numbers of molecules at the lower and higher levels. By Boltz- 
mann's formula, 

E2— E; 


hy 
N, = Nye kT = Nie KT, 


whence N, — N, = N,[1 — exp (—/v/kT)]. Consequently, 


x(T) = gli — oi) : 


(1) If /v[kT < 1, then x(T) = xohv/kT, so that x(T) < xo. This 
case is realised in the radio band. For instance, even at 4 = 1 mm, 
T = 300°K we have In/kT = 35. 

(2) If Av[kT > 1, then x(T) = xo. This case holds in the optical 
region. For instance, when 2 = 5000À, T = 1500°K, we have 
hv[kT x 20. 

U | 4c 
362.p — "i = ree = 4:6 x 10 dynecm? = 4-6 x 10!" atm. 


363. Tert = = T(1 — e-*). (See Problem 332.) 
364. According to the Rayleigh—Jeans formula 


2 ; —17 2 
Ss- 2nkT [r E 867x107 XT fr W + m? (mo/s) 
A? A? R 





R 


e —1 
x 1:86 x 1071 W*m^? (mc/s)! ; 
A? 
where A is in metres, R = 1:5 x 10? km is the radius of the Earth's 
orbit, r is the “effective radius" of the corona, which we have put 
for purposes of estimation equal to the radius of the photosphere 
r= 695 x 105 km. 


365. I = Ige^, where x = A(N, — N2), A is a constant. Am- 
plification ofthe wave is possible if the concentration N, of particles 
at the higher energy level is greater than the concentration N, at the 
lower level. 


CHAPTER II 


ATOMIC AND NUCLEAR PHYSICS 


$8. STRUCTURE OF THE ATOM AND SPECTRA 


366. v = (1/22) Ve?/ma?, where a is the radius of the positively 
charged sphere, i.e. the radius of the Thomson atom, eis the charge 


and m the mass of the electron. 


367. A harmonically oscillating electron radiates one frequency. 


212 1/3 
a=( di ) = 2:6 x 1078 cm. 


4a?c?m 





368. c, = $ R. 
369. The equations of the conservation of energy and angular 
momentum have the form in polar coordinates (Fig. 29): 4mr? 





FIG. 29 


4dbmpi? + (2Ze?/r) = 3mv?, n = = pv, since the charge of the 


a-particle is 2e. We eliminate à by noticing that r = üdr|d0,, then 
make the substitution r = 1/o. We obtain after simple calcu- 
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do V? 2Ze* X? 4Z?et 1 
A.) + (e+ -—-— D 
dà mp?v? m?p*v* p? 

On differentiating this equation with respect to 2 and cancelling 


through by do/d#, we obtain: 
2 2Z 2 
d?o dod e 


lations: 











ST $4 zd 
dà? mp?v? 
Hence 5702 
o = Acos + Bsin — à (2) 
mp?v? 


where A and B are constants of integration. They are not indepen- 
dent of one another, however, but, from (1), are connected by the 
relationship 


254 
ES 587 (3) 


pho mp 
The initial condition: 9 = l/r = 0 for 9 =a gives 
A = —2Ze[mp*v*. 
Hence we obtain from (3): B? = 1/p?. Equation (2) now transforms to 
o = A(1 + cos à) + Bsinó or 
Le (4 cos £ + Bsin 2) cos E (4) 
r 2 2 2 


r becomes infinite when cos 2/2 = 0 or 9 = z (we have already made 
use of this) and when 2 = o, where g is given by 





2 
p ema E z (5) 
2 A 2Ze? 
2545 ci 
a dued etn» ea 
m^ sint £ 


254 c1 
371. An — n VoN 2nZ'e"sing 





do z 13 particles, 
m^v* sint 2. 
2 
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where o = 8:9 gcm^? is the density of copper, A = 63:57 is its 
atomic weight, Z = 29 is its atomic number, Nis Avogadro’s num- 
ber, V is the scattering volume. 


(=) - m x 1074? for an electron 


37), 5m. = 
e 8.1 x 10-737 for a proton. 


Uei.st 
373. If the electron displacement is x = a cos wt, then 
v = —wasin wt, v = —w?a cos wt. 


The total energy of the electron is W = X3mo?q?. The mean 


energy loss per second is 2e207/3c? = e?w*a?/3c3 = (2e2w?/3mc3)W. 
We can therefore write for the average electron energy change: 
dW 2 ew? 


— Z= -—— 


dt 3 mc? 





On writing Wọ for the initial energy, we obtain from this: 


3mc? m Wo 


2e?o? 


z 1-9 x 10-8 sec. 





3.342 
374. Ar = = 1:5 x 10-1! sec, 





375. It will radiate one frequency v, if we neglect the change in 
state of the motion of the electron. The intensity of the radiation 
should be greater in the first orbit. 





h?n? 
376. a = —————; a = 053x108cm (n=1,Z=!l); 
4n? mZe? 
2 
v= ene. = I c = 2:183 x 108 cmsec—?. 
hn 7 
377. E = (e[a?) 300 Vcm^!, where a is the orbit radius. 


E, = 5:13 x 10? Vem", 
E, = 2 x 107 Vcm-t. 


378. F = 8 x 10~° dyne: the gravitational force is about 
2 x 10?? times smaller. 
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380. L R Es — as : 
A 22 n? 


H, = 6563 Å; H; = 4861 å; H, = 4340A. 


381. A, = 1216Å; Apasch = 18751À ; Ag, = 4:05 x 107* cm 
= 4:05 u; App = 7-40 x 107* cm = 7-40 y. 


382. 4 = ae 3647 A. 
R 


383. The least number of levels is obtained for transitions be- 
tween neighbouring levels, when 


LH 
À (n — 1)? n? n? 


since n > 1 in the radio band. 


Hence n — V/2Rà e 60 Vi: where A is measured in centimetres. 
We obtain with the aid of this formula: 





a y = c| n 





1cm| 3x10!9 c/s | 60 
10cm| 3x10? c/s | 130 
1 m| 3x108 c/s | 280 
10 m| 3x 107 c/s | 600 


384. E = hcR = 2:153 x 107+! erg, 
V, = = = 13:5 V. 
e 
385. 312 cal mole-!. 
386. 14300°K and 16300°K. 


_3Rch — (B Reh 
387. nyinging — 1:e **T ie 9 kT = 1: 10-276; 10-267, 


388. V = 10-15 V. 


389. » = Rc(1/1? — 1/n?), where R is Rydberg’s constant and 
c is the velocity of light. 
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390. Absorption of the frequency 2Rc takes place and is ac- 
companied by ionisation of the atom (photocffect in the atom). 


391.1 = 1216 Å, 41—1026À and 1 = 65628 A. 
392. All the lines of the line spectrum of hydrogen. 


393. All the terms of the spectral series are present in the re- 
combination spectrum, and there is a continuous emission spectrum 
beyond the limits of the series. 


394. Vue = 54V; Vi, = 122 V. 
395. A = 303-75 A. 








2 4 
396. Ro = ZZE = 10973731 emt. 
c 
397. E = R,Z? (M is the mass of the nucleus and m 
M+m 


the mass of the electron). 


398. 7H = 18382; He = 3.97. 
m My 


399. H, - D, = 8 Å; H, -— D, 213A. 

400. AV = 0:00366 V, AE = 84:5 calmole^!. 

401. The transition from the n = 6 to the n = 4 level. 
402. 4A = 2:62 A. 


403. Rydberg’s constants for hydrogen and deuterium are 





Ri = MR; k= —*2_, 
1+ 1+ — 
Mu Mp 


where My and Mp are the masses of the hydrogen and deuterium 
nuclei. We obtain from this: 
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On multiplying both sides of this equation by e and noting that 
(My + m) N = H, (Mp + m) N = D, Ne = F, we find that 


e L Ff Re Ro 
m Ry—Ry \H-Nm  D-NmJ. 


Since the atomic mass Nm of the electron is small compared with 
H and D, it does not need to be known to high accuracy when 
computing H — Nm and D — Nm. We have: Nm = 6025 x 
x 1023 x 9-108 x 10728 = 5-49 x 107^; H — Nm = 1:007593; 
D — Nm = 2:014186. On substituting these values in the previous 
formula, we obtain: 


£ = 5.2732 x 1017 e.s.u. = 1:7590 x 107 e.m.u. 
m 


404. We neglect the thermal velocity of the atoms. The maximum 
velocity of an atom reflected elastically from a satellite occurs on 
head-on impact and is equal to 2V, whilst its kinetic energy is 
2mV?. This energy is not entirely transmitted to another atom with 
which the atom in question collides. Maximum energy transfer also 
occurs in a head-on collision. In this case, by the laws of con- 
servation of energy and momentum: 


mv? m'v 


2mV? = + 








2mV = mv + m'v', 


where v and v’ are the velocities of the atoms after impact, m and 
m' their masses, and E the ionisation energy of the second atom. 
On eliminating v', we get a quadratic equation in v?. For ionisation 
to be possible, it is necessary and sufficient that the roots of the 
quadratic equation be real. When m = m' this condition has the 
form mV? > E. For hydrogen, nitrogen and oxygen atoms the 
energies mV? in electron volts are respectively 0:668; 9-35; 10-7. 
Ionisation is thus impossible in all three cases. This conclusion has 
to be modified if account is taken of the thermal motion of the 
atoms. Ionisation may occur in the case of single atoms, moving 
in the opposite direction to the satellite with large thermal velocities 
and colliding elastically with it. 
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405.» = — = 0-92 x 10-?? ergoersted-t. 
4amc 
406 Ea, 
l 2mc 


u^ —24 
408. E- — & 3x10 erg. 
r 


409. w = 2nl/J sect, where n is the number of atoms in the 
cylinder and J is the moment of inertia of the cylinder. 
2M 


410. « = 5 = 7 where M = nu is the magnetic moment 
w 


of the cylinder. 


411. o = 2NhLo|Mm? = 1:12 x 10-3sec~!. Here m is the mass 
of the cylinder, L is its length, M is the atomic weight of iron, o is 
its density, N is Avogadro's number. 


h 





412. ] = — = 0:52 x 107?? ergsec-!; 
4a 
eh ud E 
u= = 0:92 x 1077? ergoersted^!; 
4nmc 
a = É = = 1:76 x 108 oersted-! sec. 
l mc 


413. H:2; Li:2; Fe:13,5,7,9; Cl:2,4,6,8; He: 3; 
Mge: 1,3; Hg:1,3; U: 1, 3,5,7. 

414. Sr*:2; Li*:1,3; Ca*:2; C*t*:1,3; Ot*t*:1,3. 

415. 4. 
eh 


7Umc 





416. AE — H; the number of levels is seven. 


417. Into three components (by virtue of the selection rule, 
4m = 0, +1.) 
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418. AE = E- go É s cosh). 
2mca, 2% me 2x 


Z=1,n=2,1=1, S2 4, cos(Is) = £1, a = 4503, 
AE — 2 x 107” erg. 
419. AA = 0-003À. 


420. If Ay is the interval between the components with internal 
quantum numbers j and j' = j + 1, then Ay is proportional to j’. 


421. 2j + 1. 
422. Into two. 


423. E = E + mgehH/4amc, where E is the energy in the 
field, Eg the energy without the field, m = —j, —j + 1,..., +j 
and g —(2j + 1)/(2/ + 1). 


424. Into 18. 
425. 6. 

426. 2n?. 

428. 2(21 + 1). 


429. Hyperfine splitting in hydrogen leads to the formation of 
two sublevels from one level. 

The order of magnitude is AE ~ puy[r? ~ 10718 erg (here the 
magnetic moments of the electron and proton are pe = eh/2mc 
=9 x 107?! ergoersted !, u, c 3eh/2Mc ~ 1-4 x 10-7? ergoersted^! 
and r ^ 5 x 107? cm is the radius of the first Bohr orbit). 

This estimate leads to too low a value of AE since the electron 
comes closer to the nucleus in actual fact than according to Bohr's 
theory. When r ~ 2 x 107? cm the estimate agrees well with an 
accurate calculation. 


430. v» = AE/h ~ 10? cycle sec’, 2 = c/y ~ 30cm. Actually, 
A = 21cm. The 21 cm radiation of neutral hydrogen is one of the 
most important methods in modern astrophysics of investigating 
interstellar space. 


431. 10°. 
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432. . = 5 x 1075. 
No 


hv 


433. t = — e *T z 25 x 107? sec. 
n 


434. r ~ (DdJ2) V P[hcàn ~ 0-1 light year. 
435. (1) Tere = EA*[8xckStAA = 44 x 108°K. 
(2) Tere = EZ?[8nckt AA ~ 10!??K. 


436. (1) p = E(1 + R)/etS = 2(1 + R)/3 dyne cm~?, where Ris 
the reflexion coefficient of the surface. 


(2) p = EjciÀ? ~ 150 (1 + R) atm. 
(3) E e (1/2) V8xElet = 6 x 10*e.s.u. ~ 1-8 x 10? Vem-!. 


437. The equation of motion of the particle is mdv/dt = eE, 
where E is the electric field-strength; it is not necessary to take into 
account the action of the Lorentz force, since it is compensated by 
the forces which lead to the motion of the particle round a circle of 
given radius r. By the law of induction, 2xrE = —zr?(dH/dt)/c. 
On combining these equations and integrating, we obtain m(v — vo) 
= —(e/2c)r (H — Hy). Hence the change in velocity is v — vo 
= oy ,whereo, = —eHr/2mc is the change in the angular velocity 
(prior to its variation, the field is assumed to be Hp = 0). 


438. As shown in the solution of the previous problem, as a 
result of switching on the field m(v — vg) = —(e/2c)r(H — Ho) 
= —(e[2nrc) (D — By), where ® = zr?H is the magnetic flux. If 
the change m(v — vo)r in mrvis quantised and equal to nh/2z, the 
change is Ø — Dy = nhc/e, i.e. it is also quantised and depends on 
the particle charge e. But one electron (or a small number) cannot 
have a significant effect on the flux of the external magnetic field. 
Hence it is clear that, in the presence of a magnetic field, mur is 
not quantised. This result is connected with the fact that, in the 
presence of a magnetic field, the particle momentum p is not equal 
to mv. On the contrary, given certain conditions relevant to the 
region of applicability of Bohr's quantisation rule, the rule pr 
= nh[2x is valid. 
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439. Ina superconductor the current only flows in a thin surface 
layer whose thickness does not usually exceed 10-5 cm. In the body 
of the superconductor the current is zero and hence the velocity v 
of the ordered motion of the electrons isv = 0. Hence on a circle 
of radius r slightly larger than, but virtually equal to, the radius of 
the aperture in the cylinder, pr = |e*| O/[2ztc = nh[2z, whence 
® = nhc][|e*|. 


$9. X-RAYS 


440. It all depends on the polarisation of the scattered radiation. 
If the incident beam is not polarised, but the oscillations in it are 
transverse, the beam scattered by the body A and travelling in the 
direction of B, will be polarised, in such a way that the plane of its 
oscillations coincides with the plane of the figure. The forced os- 
cillations of the electrons of the body B thus occur in a direction 
parallel to BC. No electrons are radiated in this direction, which 
explains the absence of scattered radiation in the direction in 
question. 

Materials with high atomic weights are unsuitable because they 
yield a hard characteristic radiation of their own, which is of con- 
siderable intensity. The natural radiations of carbon, paraffin, etc. 
are weak and soft, and are absorbed after travellinga few centimetres 
in air; they thus have no disturbing effect on the experiment. 


441. v = Re(Z — 1)? (5 = =) = 4416 x 1019 sec"; 


A, = 0:72À (in fact 2, = 0-71À). 
E = hy» = 2772 x 107? erg = 17-100 eV. 


442. V = 12,340/A V; Vu, z 23 kV, Ve, z 10 kV, Vg, z 8:5kV. 
The true values of V are respectively 


Vu, —20kV, Ves =89KV V4, = T1kV. 
443. Au, © 0:62À, Ape HUTA, Ac,  L4À. 
444. Radiation is excited from chromium but not from cobalt. 


445. All the lines of all the series, except the K-series, are ex- 
cited. 
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446. Zirconium and molybdenum; the element niobium lies be- 
tween them. 


447. Sodium. 
448. 60,000 V. 
449.2 x 1-54A. 


450. v = 5 x 10? cm sec™!. 


451. acosa = nd, where n is an integer. A system of hyper- 
bolas is observed in the focal plane. 


452. (1) a(cosa — cosa) = nd. 
(2) The distance D from the screen must satisfy 


2 
E (L = a) 


D = N2n?2 


(N is the number of scattering centres). 
453. A system of concentric rings. 


454. a cosa = n,A, bcos p = nA, where n,, n, are integers, 
and a, p are the angles between the direction of the diffracted ray 
and the mutually perpendicular linear chains of points of which the 
plane grating is composed. The diffraction pattern consists of spots, 
at the points of intersection of two families of hyperbolas: one 
family corresponds to the diffraction pattern from one linear chain 
of points, the other from the chain perpendicular to it. 


455. a cosa = nA, bcos B = nz, c(1 — cosy) = 3A, where y 
is the angle between the direction of the incident rays and the dif- 
fracted ray. The maxima on the screen are at the places where the 
concentric circles, corresponding to diffraction from the linear 
chain parallel to the direction of the incident rays, pass through the 
points of intersection ofthe hyperbolas, correspondingto diffraction 
from the plane grating. Generally speaking, the maxima will not be 
observed for any 4; 2 must satisfy the condition 


4 sin? Z 


n, \? nz \? nM 2 
Zap) el) a 
Eus a 
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456. a(cos« — cosas) = nA, 
a(cos B — cos By) = n22, } Laue conditions 
a(cos y — cos yo) = n32, 


Ny COS X9 + nz COS Bg + n3 COS yo 


A= —2a 7 5 5 
ni + n2 + n3 


457. sind = 4. 


Vn? + n +3 

459. Diffraction is always possible in principle, but the diffrac- 
tion angle is negligibly small, especially when the beam is normally 
incident to the lattice. 

Furthermore, the incident beam must be accurately parallel. In 
practice, no X-ray diffraction is observed from a grating when the 
angle of incidence is significantly different from 90°. The above- 
mentioned difficulties are only overcome when the angle of inci- 
dence approaches 90°. The angle ofincidence is usually chosen to be 
greater than the limiting angle of total internal reflection. It is 
then possible to obtain clear diffraction of X-rays from ordinary 
reflecting gratings. 


460. A system of concentric rings will be observed (the centre is 
the track of the primary beam). 


tan2¢ = 2 2dsin? = n4. 


461. 1; 2; 4. 


462. auci = E = 2:814À; 
NaCl 2Zo 


ape = B = 2:87A 
(Z is the Loschmidt number and y is the molecular weight). 
463. A = 147 À. 
464. d = 628 À. 
465. Nickel. 
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$10. THE QUANTUM NATURE OF LIGHT. 
THE WAVE PROPERTIES OF PARTICLES 
hv h 


466. m = — = — z 044 x 107?? g. 
c^ oe 


467. 2 = h[mc = 0-02426 À (the Compton shift for 90°). 


468. The photon momentum is 
p = hv[c = hà = 1:3 x 107??gcmsec-!. 
The hydrogen molecule momentum is 


P x V3kTM zm 54 x 1071? gemsec-!, 


469.4 = Ls z Lr2À. 
P 


470. The energy of a photon of visual light is hy = he/A x 4 x 
x 10-!? erg, the energy of a hydrogen molecule ~3k7/2 = 6 x 
x 1071* erg. 


471. The number of photons %1:2 x 10?!. 


2 
412. E= o5 
m c? 


474. Let M be the mass of the source and v its velocity. The 
energy of the source is madc up of the kinetic energy 4Mv? and the 
internal energy E of the excited atoms. When one photon is 
emitted, the internal energy E changes by a well-defined amount 
(the energy is quantised!): E' — E = —hvo, where v, is the fre- 
quency of the photon emitted by the fixed source. When a photon 
is emitted the body suffers a recoil, and its velocity changes. By the 
law of conservation of energy, 


4 Mo? + E =4 Mv? + E' + h, 


where v is the frequency of the photon emitted by the moving source. 
On writing the law of conservation of momentum and projecting 
it onto the direction of the velocity v and onto the perpendicular 
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direction, we obtain: 
j hv 
Mv = Mv' cosa + — cos O, 


C 


. h . 
0 = Mv sine — — sin O, 
c 


where O and « are the angles between the direction of the velocity v 
and the directions of the momenta of the emitted photon and the 
source after emission. On eliminating v’ and a, we get 


2,2 
2hM(v — vo) La cos O + iid 
c C 





- 0. 


If the mass M ofthe source is sufficiently large, the last term can be 
neglected, and we get 


Yo 
y = 


1— Ë cos O 
c 


475. In the relativistic case it is meaningless to distinguish the 
internal energy of the source, because its variation is automatically 
looked after by the change in the rest mass of the source. Let the 
rest masses of the source before and after radiation be M and M’. 
The laws of conservation of momentum and energy can now be 
written in the form 








Mv Mv hv 
———— = —— Cosa + — cos O, 
vi- V1 - 8” c 

pan o cas EE 
v1 - 6? c 
Mc? _ M'e 


——— = ————— + h. 


c 
Ji-p? x.-p 


We have the additional relationship 





(M — Mc? = h. 
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On eliminating a, v', M’ from these equations, we get 
Mc? hvà 
Ur B cos O) = Mc^», — — 
1 = 


or, on neglecting the last term: 





=» 
*1- BcosO 

v1 — fp? zm 7 

476. When © = 0, 2(0) 2», ————. WhenO = —, »[ — 

1-8 2 2 


= yo SiS B?. If B — 1, then (0) > »(42). Hence it is clear that, 
in a narrow ncighbourhood of the angle O = 0 the frequency of 
the emitted light is particularly large. Let us find the angle O 
for which »(0) = av(0), where « < 1. We easily obtain for this 
angle: 
gx cm EN 
cos &1——— 2 —— Č zl- 
2 1—- (1 -— p) 


whence 0? = 2(1 — a)(1 — B)ja. Since V1 — f? = mc?[E, 
where E is the total energy of the particle, we have 1 — f 


x 4(mc?/E)?. This gives © = V(1 — a)[a (mc?/E). When « = $ 
we get O = mc?[E. 





B), 





471. AE = ho = (2E/mc?)* hwo/(1 + 4Eohoo[m?c*^). If E, 
« mc*(mc?/4hwo), then hw œ~ (2E/mc?)? hwo < Eo; in the opposite 
limiting case hw c Eg. In the example given, hw = 109 eV. 


478. Using the formula for the Doppler effect, 
wo = w V1 — vc? [[1 +(r/c)] 


(the photon and electron are assumed to be moving in opposite 
directions, the velocity of the electron being v). It follows that, 
in the ultra-relativistic case, wọ = wmc?/2E, and the condition 
(mc?)? 


hw « mc? becomes E, < : 
2hoo 
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479. In the case concerned the scattering cross-section of the 
photons by electrons is the Thomson cross-section: 


o —(8n[3)(e?[mc?)? = 6:65 x 10-?5cm?. 


At a collision the photon loses an average recoil energy (E/mc?)? x 
x hog. Thus 


2 2 
[2E = (5) h- wonge = 2 x 1071*W, E , 
dt Compton mc? mc? 


where n, is the concentration of photons with energy Aw» and 
Wo = ns: hwo is the radiation energy density. If W is measur- 
ed in electron volts per cubic centimetre, the formula gives 
—(dE/dt) compton IN electron volts per second. 





480. E = Eo/(1 + aEgt),a = oW,[m?c? ~ 107?5eV-! sec™! (See 
the solution to Problem 477). In 106 years the electron energy di- 
minishes by 3 per cent, and in 10? years it is equal to E,/4 
= 2:5 x 10? eV. To know the temperature of the radiation is only 
possible if the inequality Ey « mc?(mc?/hwo) be true for the majority 
of photons (see Problem 478). 


481. On approaching the Sun the electron energy varies accord- 








; l i xc. : 
ing to ED REC 40 Ws(ro) ro[m?c?cr (in this case the colli- 
sions are always head-on). Hence 
Ero) = E 
1 4c W ) ro E 
T m?c? elro "mu 


and Ey — E(rg) = 107? E, = 10?eV, since rg = 7 x 10!? cm and 
We(rg) = S(rg)lc = 21 ergem? = 1:3 x 107 eVcm^?, where 
S(rg) = 6:35 x 10!? erg cm~?sec™! is the flux of solar radiation at 
r = rg (rg is the radius of the photosphere). 


482.» — Yo - : 
Du; o9 ge 
c 2M c? 


ANSWERS AND SOLUTIONS 193 


or, neglecting the last term in the denominator, 
Yo 


ra Oe 
c 


483. Using the same arguments as when solving Problem 475, 
we can write: 
M'v' hv 
——————— cosa + n — cosO, 


Mv —. 
vi- o x-f c 











Qe a gung ed. 
vi = f? c 
Mc  H'c As 
Vi-p? V1 - 6” 
Hence 
2 c , 
(M — M^ VI — pe(i— x) 
1 — Bn(v) cos O + ne V1 — f? [n2(r) — 1] 
2Mc? 


Two cases are possible. 

I. The denominator in (1) is positive. The quantum emission 
hv is now only possible on condition that M — M’ = Ivo[c? > 0, 
i.e. the atom passes from a higher to a lower energy level as a result 
of the emission. In this case 


»Xi-P(t o ) 


2Mc? 





Q) 


y= 


1 — fn(») cos O + a 


2Mc? 





V1 — f? p?) — 1] 


or, neglecting quantum corrections, 


gesto SONUS M d vi- (3) 
1 — Bno) cos O ` 


UPI. 13 IV 
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2. The denominator in (1) is negative. Quantum emission 
hv is only possible if M' — M = hyo/c? > 0, i.e. as a result of the 
emission the atom passes to a higher energy level. The energy of the 
emitted quantum is taken from the kinetic energy of the emitting 


atom. In this case 
iii E M hvo as) 


ymmo MO. rs p 


Bn(v) cosO — 1 — > pep B? [n?(v) — 1] 








or, neglecting the quantum corrections, 


_ wl- (5) 
Bn(v) cos —1' 

Let us confine ourselves for the sake of brevity to the simplified 
expressions (3) and (5). If 1 — Bn(v) > 0, i.e. v < c/n(r) (the source 
velocity is less than the phase velocity of light in the medium), only 
the first case can be realised, i.e. when a photon is emitted the atom 
passes to a lower energy level. In particular, an unexcited atom 
cannot radiate in this case. 

If 1 — Bn(v) < 0, i.e. v > c[n(v) (the source velocity is greater 
than the phase velocity of light in the medium, and it is possible to 
speak of a "superlight" Doppler effect), both cases are possible. 
The atom passes to the lower energy level if the angle O at which 
the photon is radiated satisfies the condition cos © < l/fn(»), in 
other words, the radiation is directed outside the Cherenkov cone: 
cos O = 1/Bn(v). The atom passes to the higher energy level if the 
direction of the radiation is inside this cone. In particular, an un- 
excited atom can radiate in this direction. Finally, radiation is 
possible at the angle cos © = 1/Bn(v) without a quantum transition 
of the atom from one energy level to another. 


484. In case (a) there is a narrow region around the angle Oo 
defined by the equation cos Oy) = l/Bn(»), in which the frequencies 
of the radiated light are very high. In case (b) there is no such angle 
or region. 


c hv " 
485. cos O(v) = ET | + 25 ji-4 -— = (n 0) - n]. 
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Radiation is possible if the right-hand side of this formula does not 
exceed unity (this condition is in practice the same as the condition 
obtained from interference considerations). 


486. At the frequency for which the refractive index n(») is a 
maximum. 


487. At the frequency v = 0. (See the answer to Problem 485.) 


488. When the channel radius a « 4. When a » Athe radiation 
intensity falls sharply. 


489. We use the conservation laws 


sos (e Jer as 
c k 


where AE is the energy reduction, and Ap is the reduction in the 
particle momentum. They are connected by AE =(v- Ap) Using 
this, we obtain: 

(a) when / = 0, cos ® = c| Veg v (the Cherenkov radiation 
condition), 

(b) when / 4 0, œw = lfko + v) — cg]/[1 —(v/c) Veo cos 0], where 
9 is the angle between k and v. 

The frequency w is always positive, which introduces the 
usual restrictions. The values / < 0 correspond to a reduction (and 
not an increase, as in the case / > 0) in the energy of the medium. 


490. It is possible, but only if the medium is non-linear and the 
Cherenkov condition c/n(w)v < 1 is satisfied, where the role of the 
velocity v is played by the group velocity of propagation of the 
electromagnetic field exciting the Cherenkov radiation with fre- 
quency w (the simplest picture is obtained when the exciting field 
is the field of a wave packet, moving with the group velocity v; in 
this case, when account is taken of the non-linearity of the medium, 
an excitation travels in it with velocity v, leading to Cherenkov 
radiation of waves with frequencies satisfying the condition 
cos # = c/n(w) v « 1. There is no radiation without nonlinearity, 
as is clear from the fact that the principle of superposition holds 
(see also Problem 491). 
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491. From the conservation laws, 


wo — 0 +, ky — k - K, 
it follows that 
cos 9 = Lo — on? + PN? 
2w n N 


where 2 is the angle between the vectors ko and K, œw and k are the 
frequency and wave vector of the scattered X-ray quantum, no, 
n and N are the refractive indices ofthe initial and scattered X-ray 
quanta and the optical photon respectively. If the medium is an- 
isotropic, N = N(Q, K/K) can take two values, corresponding to 
the two possible polarisations of the photon. The probability of 
Raman scattering, which has not yet been observed, is very small 
even in an anisotropic medium, and it is generally practically zeroin 
an optically isotropic medium. If we neglect the square of the fre- 
quency 2, we have 


1 d(on) _ c 
N do N(Q) v, (c9) 


where v,,(@9) = c/(d(nw)/dw) is the group velocity of the radiation 
with frequency wo. It is clear from this last expression for cos 2 
that we can speak here of Cherenkov radiation (see also Prob- 
lem 490). 


492*. We seek (e.g. graphically) the points of intersection of the 
curve n? cos? # = e| lal cos? 0/(—2, sin? 9 + Jal cos? 9) with the 
straight line 1/8? = c?/v? in case (1), with the straight line (1/8?) x 
x (1 —(Q/w))? = cp? (w < 1) in case (2a), and with the straight 
line (1/8?) (1 +({Q/m))? = c?/v? in case (2b). If there are points of 
intersection, radiation of the given type exists; if there are none, 
there is no radiation. The answers are: 


(1) Be, <1, 

(2) (a) (1/8?) (1. —(Q/a))? > £z, 
(b) (1/8?) (1 +(Q2/w))? > £4, 

(3) (14+(Q/w))? > Be, > 1. 


* See also Problem 483. 
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493. The atom is ionised. The fact is that, when n — const, there 
is a finite probability of radiation inside the Cherekov cone, with 
the atom passing to a higher energy level (see Problems 483 and 
488). Transitions in the reverse direction are also possible. In the 
case of an infinite channel length, however, the atom passes to a 
higher energy state in the long run, i.e. it is ionised. 


494. Aa = 2E si & = = 0.020264. 

mc 2 mc 

2 
495. tan? = S ia. cot £ : 
mc? + hv 2 
hy sin? ká 
496. E = 2hy —————————— = NET. 
29 mc? + hv 


mc? + 2hv sin 


497. Amar = compton (M/M) = 2:64 x 1075 À, where Acompton 
is the Compton wavelength for the electron, M and m are the masses 
of the proton and electron. 


498. AA = h/2Mc = 0:66 x 10-5 À (M is the mass of the nu- 
cleus). 


499. About 450 sec. 
500. t zz 2 hr. 


501. dv = —vyM|Rc?, where y is the gravitational constant, 
M is the mass of the star and R is its radius. 


502. A1 = A2. = 99124. 
Rc? 
503. 42/2 ~ y M[c?ro = 0-075, where y is the gravitational 
constant, and rọ ~ 2 x 109 cm is the radius of the star. 


504. Ap = 2y M|Rc?, where R is the distance of the light ray 
from the centre of the Sun. According to the general theory of re- 
lativity, the effect must be twice as great. If the ray passes close to 
the edge of the sun (R is the Sun’s radius), then 249 = 4yM/Rc? 
= 1-75", 
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505. E = hvac, p = hrdv.. 


506. The scattering of light is a process of absorption or emission 
of a phonon by a photon. Using the laws of conservation of energy 
and momentum, we can write for such a process: 


hv = h + Imes 








nhy’ nhy hy 
cos 9 = + — cosa, 
c c Vac 
nh . hu. . 
— sind = + — sina, 
c Vac 


where 2 is the angle between the directions of motion of the incident 
and scattered photons; «æ is the angle between the directions of 
motion of the incident photon and the corresponding phonon. The 
plus sign refers to absorption, the minus sign to emission of a 
phonon. Planck's constant falls out of the equations, which 
indicates the possibility of a classical interpretation of the pheno- 
menon. The elimination of a and »' leads to a quadratic equation in 
Vac: 


— ——— sin? — = 0. 


AL rz n s An 140 sin? Ê 4n»? . , Ò 
c? 2 c? 


On neglecting the second term by comparison with the last, and 
neglecting n?/c? by comparison with 1/v2,, we get 


2nv : 
Vae = —— Vac SIN —. 
c 
507. 2 = La ja 107? cm, where V is the energy in volts, 
mv V 


A, = 12:2A, 4, = 0.122À, 44, = 0:039 À. 


pU —— where V is in volts, å in 
V 414-978 x 107 V 


Ángstróms; 4, = 0:037 À, 4, = 12:35 x 1077 A, 4, —12:35 x 1071? Å. 


508. 4 = 
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509. We obtain for hydrogen: 4, = 0:284A, 2, = 2:84 x 10-*A, 
2, = 1-51 A; we obtain for mercury: 2, = 002À,2, = 2 x 10-5A, 
A; = 0-107A. 





510. u = ^^ = [5E = ji + “2(E and V are respec- 


tively the electron energy in vacuo and the potential difference 


corresponding to it). 


512. 2d Vu? — cos? 9 = n2o, where Ag is the wavelength in vacuo, 
fais the refractive index, 2 is the glancing angle. 


513. Vo = ae — Vsin? 9 = 15 V, where V is in volts, a 


in Angstroms, m the order of the reflexion. 


514. a(cos« — cos &o) = h 19 , 
V 
0 

a(cos B — cos fo) = k 1 —, 


fees + % i [om Yo E pm 


where V is in volts, a in Ángstróms, yo and y are the angles between 
the normals to the incident and diffracted waves (in vacuo) and the 
normal to the crystal surface. 


t 
515.w = A gpa ; hv = 4m? + const. 


v 





By Rayleigh's formula, the group velocity u = w — A dw[d4. On 
putting here 2 = h/p = h[mv, u = v and considering the motion 
with non-relativistic velocities (m = const), we gct 


dw 
v=w+t+ov—= E 
dv dv 
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whence 
v? v const 
wv = — + const; w = — 5 
2 2 v 
Further, 
v const mv? 
— + — + const 
w 2 v 2 
y = — FO = —, 
2 h h 
mv 


The arbitrary constants in the expressions for v and w play no 
part in any phenomena. They can be put equal to zero. 

Obviously, the solution can be extended to motion with re- 
lativistic velocities (when m depends on v). In this case, if we neg- 
lect the constants of integration that play no part, the formulae 
become 


2 2 
c moc 
w=; me = 9 


v J m v 
c? 
516. We take the optical axis of the microscope as the y axis and 


take the x axis perpendicular to it. The electron momentum changes 
as a result of the Compton effect: 


= h. 


hv . h 
Ap, = P sina, Ap, = P cosa, 
c c 


where « is the aperture; the values given represent upper limits 
for Ap, and Ap,. 


517. Ax > ER Ap,Ax > h. 
sina 


518. Ax is of the order d, Ap, of the order (h/A) sin a, where sin a 
z% Ald. Hence Ap,Ax is of the order A. 


519. Ava © 6:62 x 10725 cmsec!, Ave = 7:3 x 10? cmsec^!. 


520. Ax z 10-8 cm, Av > 7 x 108 emsec-!. 
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521. In the stationary state the quantum mechanical averages 
of the kinetic and potential energies of the system are connected by 


T+U=E, 


where E is the total energy of the system. 
In the case of a diatomic molecule (neglecting its rotation), 





Ex. pi^ d cq = 
T — 2 5 U = — uox? » 
2u 2 
where, by virtue of the Heisenberg relation, 
m Jun. h? 
pox?m—. 
4 
Hence 
— AOoX + = < E. 
2 8ux? 


The left-hand side has a minimum for x? = ħ/2uwo. Conse- 
quently, 
E> hwo. 


If we assume that the minimum is reached (this can be proved by 
solving Schrödinger’s equation) in the ground state, we have for 
this state: 





The molecular size ~Vh/2uw. 
A similar argument cannot be used with the same degree of 
precision in the case of a hydrogen atom. In this case 


U = —e(1/r). 
If the atom is in the s-state, then 
52 Me 2 
To? pii. 
2u 4 


To order of magnitude, 


re Jd. (l/r) = Mr. 
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Hence 
2 2 
PI E A 
Sur) F 
The right-hand side has a minimum for 
z A? 
r- ; 
4ue? 


which determines the order of magnitude of the hydrogen atom 
diameter in the fundamental state. The corresponding energy is 


2ue 


Ez- 
h? 











2 
522.7 = | LLL NETT ET 
2x m 


E = hy x 1:7 x 10“ erg = 10-8 eV. 
Here e and m are the charge and mass of an electron, n ~ 8:4 x 10?? 


is the number of atoms per cubic centimetre of copper. 


$11. NUCLEAR PHYSICS 
pV 
523. m = u —— z 02g. 
K RT 8 


524. T, = T4K'? = 268°K, t, = —S°C. 


525. By definition, S = ọ,/02, where o, = m,[V,, 02 = m| V2. 
Here m, is the mass of vapour saturating the compressed volume 
V, of the chamber at the temperature 7,, and m, is the mass of 
vapour saturating the expanded volume V, of the chamber at the 
temperature T,. Hence S = m,V,/m,V,. From the perfect gas 
law for the vapour before and after expansion of the chamber: 


m m 
piVi = — RT, P2V2 = — RT. 
H H 


The second of these equations refers to the case when the excess 
vapour is condensed, where we have neglected as insignificant the 
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temperature rise dueto condensation. We find from these equations, 
using the equation of the adiabat T, V]! = T,V1-: 


S= AY = Di py 
P2 \V2 P2 


526. For water (1) 2:9, (2) 3-0; for alcohol (1) 1-7, (2) 2:7. 
527. S = 68. 


528. Ra = 20/(p, — p) ~ 4 x 107? cm. We have neglected 
the dependence of the saturated vapour pressure on the surface 
curvature. This is easily shown to be permissible. 


529. The energy E of the ó-electron must be not less than the 
energy of formation of the bubble with radius Rer (see the previous 
problem). The latter energy is made up of the surface energy of the 
bubble and the heat of vaporisation of the liquid in the bubble. 
Hence 


E > Anc, + TR ng « 196 eV, 


since the number of moles per unit volume of vapour at the pres- 
sure p, and the critical radius are respectively equal to n = p,/RT 
= 54 x 10-5, Re = 20/(p, — p) = 9 x 1077 cm. 


530. 1077. 


532. The y-quanta have moved upwards. Two pairs (electron 
and positron) produced by the y-quanta are clearly visible on the 
photograph. 


533. The single “heavy” track on one of the photographs be- 
longs to the ;He? nucleus formed as a result of the reaction 


y + Het > „He? + on’. 
On the other photograph the reaction 
y + Het > ,p! + T°, 


is recorded, where the “heavier” track corresponds to the triton 
and the thin track to the proton. 
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534. Thecentral track is due to a meson. In fact, it cannot be the 
track of an electron since the energy of the particle producing it is 
greater than the energy of the electrons, and the track thickness is 
wider. Neither can it be the track of a proton, since it is clear from 
the photograph that the track bends slightly in the magnetic field 
of the chamber, so that its energy cannot be very large. The track 
of a proton would be much thicker at small energies. 


535. About 76,000 photographs. 


536. The number of fissions n = ncng,o , where nc is the number 
of carbon nuclei in the propane irradiated by the flux of photons 
from n,, effective quanta. This gives: 


o = = 44 x 10? cm?. 





chon 


537. E = 600 MeV. 


2 
538. E, = Me Ji + -eHo \" _ 1120 Mev. 
Mc? 


Exin = Evo. — Mc? = 178 MeV, where M is the mass of a proton, 
e is its charge, c is the velocity of light, o = a?/8h is the radius of 
curvature of the track. 


539. The mass of a meson in units of the electron mass (m,) is 
200. In the other cases: (1) 230 me, (2) 210 me, (3) 230 me, (4) 184 me. 


540. (1) 204 me, (2) 350 me, (3) 184 me, (4) 220 me. 
541. (1) 161 me, (2)250 me, (3) 226 me. 


542. (a) The ionisation losses of the particle increase as its velo- 
city falls. The number of grains per unit length of track therefore in- 
crease in the direction of motion of the particle. 

(b) At equal velocities, the specific losses for protons, deuterons 
and a-particles are in the ratio 1: 1: 4, and at equal energies, in 
the ration 1 : 2: 16. 

(c) + 1: 1-5: 4. The grain densities are much less distinct, which 
makes it difficult to distinguish one of the charged particles after 
they have travelled equal distances. 
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543. (a) The fact that the grain densities are equal indicates that 
the particle velocities are equal (see Problem 542). It follows from 
the given formula that the residual paths of single-charged particles 
with equal velocities are in the ratio of the masses of the particles, 
i.e. Ry: Ra: R, = 1:2:3. Obviously, Ep: Ej: E, = 1:2:3. 

(b) If the particles denoted by the subscripts a and b have the 
same velocities, it follows from the formula in the text of the prob- 


lem that 
2 
n= (Z) Cae) en) 
Za) \ M, M, 

This relationship is accurate for particles with equal charges. (In 
the casc of particles with different charges, it will remain accurate 
if Za, Z, are replaced by certain effective charges.) Using this 
relationship and knowing R, = f(E) for a particle with mass M,, 
we can easily obtain R, = f(E) for the particle with mass M,. The 
results for tritons are given in Table IV (page 235). 

(c) We have to determine the number N of grains on the same 
section t of track segment in the emulsion; we then find the range 
from N = f(R),and from E = f(R)the energy of the proton which 
corresponds to the same grain density. Given the same grain density 
(equal velocity) the deuteron and triton energies will be respectively 
2 and 3 times the proton energy. 








544. After measuring the number N of grains on successive sec- 
tions (z) of track, find the relationship N — f(R) for each particle. 
Different residual ranges R, of particles will correspond to an equal 
number of grains and equal velocities. 

Determine the mean multiple scattering angle for the ith track 
at a distance R, from the end of the track. Since the particle velo- 
cities are equal at these points, the ratio of scattering angles is equal 
to the inverse ratio of the masses. 


545. Slow z--mesons in the field of the nucleus occupy a Bohr 
orbitand, oninteracting with the nucleus, are absorbed by it. Fission 
of the nucleus then occurs. In photographic emulsions, the track 
of a meson terminates in a star in the majority of cases (see Photo- 
graphs VIII, X, XI). It must be borne in mind, however, that in 
emulsions, absorption of z~-mesons leads in about 30 per cent of 
cases to thc cmission of only neutral particles. 
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A slow zt*-meson disintegrates into a u*-meson with an energy of 
4-1 MeV and a neutrino. The u*-meson disintegrates in turn into 
an electron and two neutrinos. Thus, in electron-sensitive photo- 
graphic emulsions, a u^-meson track of definite length (a 600 1) 
is observed at the end of the range of a z*-meson, and an electron 
track at the end of the u?-meson track (see Photograph VI). 


546. Two stars are shown on Photograph VII, corresponding to 
the reaction 
C3? + y > He? + Hef + He}. 


None of the other nuclei of the emulsion can provide a splitting 
into three like particles. 

(a) The energy of particle 3 can be found from the law of con- 
servation of momentum: P, = P, + P,. If E, = E,, it follows 
that E, = 2E,(1 + cosa). We find from Table VI that the range 
R= 15-3 corresponds to an a-particle energy of 4 MeV. This 
gives E, ~ 10 MeV. The energy of the y-quantum is E, = E, 
+ E, + E, + Ej. The binding energy E; is equal to the difference 
in mass between the initial and final states and in our case amounts 
to approx. 7:3 MeV. Consequently E, % 25:3 MeV. 

(b) If the reaction proceeds in two stages, the emission of the 
«-particle leads to the formation of a beryllium nucleus. This nu- 
cleus is unstable in the ground state and splits up into two a-par- 
ticles. The excited state Be? is also well known, with an excitation 
energy z 2-9 MeV. If we obtain this excitation energy as a result 
of the calculation, our assumption of a fission process C!?(y, 3a) 
will thereby be proved. The general expression for the excitation 
energy of a nucleus splitting into two particles 1 and 2 is 


m " 
E(j42)— E, + E,- Eum TOES, 
1 2 


where m,, mz, m3 are the masses of the particles, and E; is the 
binding energy of the intermediate nucleus, equal to the difference 
in mass between this nucleus and the fission particles. It is obtained 
from the following relationships: 


* " _ pe c 
Eñ+23 = Tas2) + Es, Tasa = Ei + Ez, 


E, + E; = E; + Tas» + Easy, E, — E; = E, + E, + ES 
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where Ey and E; are the energies of particles 1 and 2 in the centre 
of mass system of the intermediate nucleus, E& +2) is the kinetic 
energy of the intermediate nucleus. On observing that P, = P(,5, 
i.e. E43) = Eyms[(m, + mz), the relationship in question is easily 
obtained.) For Be®, Ef = —0-1 MeV, so that Efe z 2:9 MeV. 
The fission process C'?(y, 3x) thus in fact proceeds with the forma- 
tion of an intermediate Be? nucleus in the excited state with energy 
z 2:9 MeV. 


547. (a) Track 1 is due to a z--meson (see Problem 545). Since 
photofission of deuterium takes place, the total charge of the two 
other particles must be equal to + 2e, whilst their total mass is two 
atomic units of mass. Given the y-quanta energies mentioned in the 
problem, we can only expect a reaction of the type 


H? +y > H! + H! +w. 


(b) Let the nucleus of mass m,, at which scattering has occurred, 
have been initially at rest. Let E£, be the energy of the nucleus, and 
E; the energy of the particle of mass m, after scattering. It follows 
from the law of conservation of momentum that 


E;(m, — m) 
— 5 
2 V m;,m4E;E; 


where 2 is the angle between the directions of motion of the scat- 
tered particles; 9 = 90? for m, = m;. This condition is satisfied by 
proton scattering by hydrogen and deuteron scattering by the deu- 
terium with which the emulsion is filled. The latter is excluded, how- 
ever, since deterons are not emitted in the reaction in question. In 
the case of proton scattering by deuterium with E = 2E,,3 = 120°. 


cos? = 


548. (a) Lid — e- + v + Be$*; Beg* — He} + He}. 


Emission by the Li§ nucleus of an electron and neutrino has oc- 
curred. A Be® nucleus in the excited state has been formed, and this 
has split into two «-particles. The “hammer” track could also have 
been produced by the process 


8 4 4 
BÈ > et +v + Be§*; Beg* > Hej + Hej. 


(b) Since decay of Li§ has occurred at the end of the range, the 
maximum kinetic energy of the electron can be calculated from the 
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difference in mass between the initial and final states, whilst taking 
into account the energy loss in excitation of the Be?: 


Am = (my, + 3m,) — [Cpe + 4m,) + m] + me z 16 MeV, 


where mj, and mg, are the masses of the nuclei. The masses of 
the atoms are usually given in tables. The last term is equal to the 
number of orbital electrons in the initial and final states. Since the 
two a-particles travel in opposite directions, the kinetic energy of 
the Be? can be assumed zero, and the excitation energy of the 
Be? equal to Ege = Ea, + Ex, + E? © 29 MeV. Then (Ee-)mar 
z 13:1 MeV. In 90 per cent of cases the decay of Li? proceeds to 
the 2-9 MeV Be? level. 


549. The star on Photograph X is produced by the reaction 
Be; + z- > Lif + ni. 


The rest energy of a zx -meson is 139-6 MeV. The binding energy, 
determined by the difference in mass, is 18-2 MeV. The energy Eo 
distributed between the reaction products is 121-4 MeV. The laws 
of conservation of momentum and energy are 


E mi 
L =, Ey = En t+ Ev. 








1 
E, Myi 


In the non-relativistic approximation, the neutron energy is 
108 MeV, the lithium energy 13:4 MeV. 


550. (a) Neutrons with thermal velocities are regarded as slow 
in neutron physics. The neutron energy and momentum can there- 
fore be neglected in the reactions in question. The stars mentioned 
in the problem will consist of two particle tracks in opposite direc- 
tions. The particle energies can be found from the conservation 
laws. The energy distributed between the particles will be equal 
to the difference in mass between the initial and final states. In the 
case of the second reaction part of this energy goes into excitation 
of the Li?. 

First reaction: Ey = Am = 4:65 MeV, E, = 1:98 MeV, Bp 
= 2:66 MeV, Re + Rus © 42 y. 

Second reaction: Ey = Am = 2:87 MeV, E, = 1:51 MeV, Ej 
= 0-86 MeV. 
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(b) The fast neutrons are scattered in the emulsion by hvdrogen. 
It easily follows from the law of conservation of momentum (see 
the equation in the answer to Problem 547) that E, = E,/cos? B, 
where £ is the angle between the directions of motion of the proton 
and neutron. In order to find theneutron energy, we have to measure 
the angle f and the range of the proton. 


55]. The K-meson splits into two z+-mesons and one 2~-meson. 
The charge of the K-meson is positive. On expressing the masses 
in energy units, we can write 


my = 3m, + Eq, + E,, + E,, = 4903 + 32 MeV. 


No account is taken of the error in determining the masses of the 
z-mesons. In atomic units of mass my = (960 + 6°3)m,. (Accord- 
ing to recent data the mass of a K+-meson is 493-98 + 0:14 MeV.) 


552. 4:2 x 10-14 amps. 


553. The change in the collector potential is AV = Q/C; the 
charge collected on it is Q = AV: C = 2 x 107}? coulomb. The 
number of ion pairs produced in the chamber by the cosmic par- 
ticles is N = Q/e = 1:25 x 107. The mean free path of the cosmic par- 
ticles in the chamber is 2z/d, where d isthe chamber diameter. Thus 
one particle produces on the average 306 ion pairs. Consequently 
1:25 x 107/306 = 4-1 x 10* particles have passed through the 
chamber. 








n/2 
j | cos# sind db : 
554. dert = ; cost = <n = 2 ete = 2d. 
cos 9 | sin 9 dà 
0 


555. 6:1 x 107 ion pairs per second. 


556. Weobtainfromtheequationfor 7/ I, : 0:35r = In(1 + 0:367). 
By solving this equation graphically, we get r — 0:18 roentgen. The 
maximum intensity measured by the chamber in the conditions 
given is about 3-1 roentgen. 


557. 4:2 hr. 
558. 2^7. 


UPI. 14 IV 
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559. 0:8 x 107. 
560. E = E = eV. 
Pp C 


561. 5:6 x 10* photons. 


562. Since the charged particle recording efficiency is 100 per 
cent, the scintillation counter must record every y-quantum ab- 
sorbed or (non-elastically) scattered in the counter. We easily obtain 
from this, for the counter efficiency required: f = 1 — e~**, where 
4 is the y-quanta absorption coefficient in the crystal, and d is its 
thickness. 


563. N, = N/f = 18y-quanta per second. Here, N is the number 
of light pulses per second. The expression for fis given in theanswer 
to the previous problem. 


564. pats 16 V. 
C 


565. 40 V. 
566. About 140 keV. 


567. 0-16 x 10-7? amps. e 
Tr 


lq 


568. V = V, in —————— = 410 V. 


Tq 


569. (a) The voltage pulse amplitude in the proportional counter 
is V = QA/C. Knowing the a-particle energy and the mean energy 
of formation of ion pairs, we can find the mean number of ion pairs 
formed by the «-particle over its complete range, and then per 
centimetre path of the «-particle. The latter number is 7:3 x 10*. 
Knowing the average path, traversed by thea-particlein the coun- 
ter, we easily find that the mean number of ion pairs produced by 
the a-particle when it passes through the counter is 1-1 x 105. The 
corresponding voltage pulse amplitude is 1-63 V. 


(b) 1:7 x 107? V. 
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570. If the number of particles recorded by the counter is n, and 
its resolving time is z, inatimezr the counter will fail to record onc 
of the particles entering it. The number of particles passing through 
the counter in this time is Nnt. Hence the total number of particles 
passing through the counter in unit time is N = n + Nnr, i.c. the 
sum of the recorded and the non-recorded particles. We thus obtain 
for the resolving time: t = (N — n)/Na. 


COE [ E ETCEPEES) —À 


12 nn 


572. N = 1250 pulsesec™!. 


573. Since the resolving time of the photomultiplier is less than 
the resolving time of the crystal, the photomultiplicr records all 
the particles recorded by the crystal. Hence the number of recorded 
particles is determined solcly by the de-excitation time of stilbene: 
n = N[(1 + Nt) = 3:7 x 107 pulsesec-!. 


574. The number of particles recorded by the counter is n, 
= N/(1 + Nt). The number of counter pulses recorded by the 
recording device is 


(2s oe M A 2-1 x 10° pulse sec~?. 
ano 1+ Nt, c) 


575. The number of random coincidences is w = 2tn,n,. The 
factor 2 is duc to the fact that the discharge in the second counter 
may cithcr precede or follow the discharge in the first counter within 
the interval v sec. 


576. The numberof coincidences is œ = 2tn?, whence n = 10° par- 
ticles. 


577. The passage through the counter of a cosmic particle pro- 
ducing “background” can be regarded as a random event. We know 
that, if the probability of an event is proportional to the time dur- 
ing which this event is observed, the mean deviation D = V (n —7)? 
2 n, where z is the observed number of events, and 7 is the truc 
mean value of the number of events. If two independent events arc 
observed, then Dja = VD? + D3. 
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The relative error is equal to VD? + Di[n. In our case D? = n 
and D2 = 8n. The relative error is therefore 3/V/n. We find from 
this that n must be not less than 900. 

578. 53 min. 

579. The measurement time in the first case (without using the 
coincidence circuit) is 67 min, and in the second case 10 sec. 


2mc? 


580.» = = 247 x 10? sec™t, e = 1-02 MeV. 





< E — 2mc? x 149 MeV. 
(b) Emax < E — mc? z 79-5 MeV. 


J . For a positron, v = 2:82 





x 101? cmsec~. In the case of a-particles and protons, E < mc?, 


and we can use the approximate formula v = V2E/m. Fora proton, 
v z 1:4 x 10? cmsec^?!. For an a-particle, v z 7 x 10? cmsec*!. 


583. V = ae = 2:7 x 107 cmsec-!, Here, m is the mass of 


an a-particle, v its velocity, M the mass of the RaB nucleus. 


584. 10? erg * hour-!. (See Hints on page 226.) 





2 
585.0 = N x ( di x) = 24:5 calhr-i, Here, N is the 


number of disintegrations per hour, mand M are the masses of the 
a-particle and the recoil nucleus. 


586. If Wis the electron kineticenergy, then dW/dt = (e®(R)/c) x 
x (o[2z), where w = ecH(R)/E is the cyclotron frequency for the 
electron, and E is the total energy. The radius of the electron 
orbit in the magnetic field is R = mcv/eH = EB/eH(R). We differ- 
entiate R: 


dR R dE dis m 
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On introducing the notation n = —(R/H) OHJOR and recalling 
that dE/dt = dW/dt, we find after simple working that 


(1 — n) dR -4( @(R) ) 


R dt H 


——— 
. 


The dot here denotes partial differentiation with respect to time. 


587. A discussion of dynamic stability can be reduced to a stat- 
ical problem by passing to a rotating coordinate system. In the 
rotating system, the centrifugal force mv?/R and the Lorentz force 
— eH(R)v[c act on the particle. The resultant is 


_ mo _ eH( Ry 
F(R) ao ae 


c 


Motion round a circle of constant radius Ro in our system corre- 
sponds to the equilibrium position 


In order for this equilibrium position to be stable, the force f/(R) 
must be a restoring force. This means that, when R > Ro, the force 
f must be less than zero, i.e. directed towards smaller radii. Con- 
versely, when R < Ro, f must be greater than zero, i.e. directed to- 
wards greater radii. It is easily seen that this occurs if H(R) de- 
creases not faster than 1/R. The above requirement imposed on f 
can be transferred to df/dR, since f(Ro) = 0, so that the function 
F(R) = (f| R) (R — Ro) in the vicinity of Ro. We easily find from 
this that the necessary condition for stability is 


R ôH 


a I 


H OR 


588. The magnetic field, decreasing from the periphery of the 
magnet, has a "barrel" shape (Fig.30). The arrows indicate the 
direction of the action of the Lorentz force on the ions located out- 
side the central plane. 

By considering the action on a charged particle of the field com- 
ponent directed along the radius, the motion is easily shown to be 
stable. Conversely, if the field increases from the periphery, the 
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lines of force are pulled in inside the magnet, and the motion is un- 
stable. 

The analytic proof is as follows. The force in the direction of the 
z axis (the z axis coincides with the axis of symmetry of the field) is 


e OH, 
Aa Mega ccn 
n 
A 
m dr. + Milde 
I mas Ha eet 
LALA 
Ua VAM I! ill illii 


iS S377) 


N 
XN 
‘N 


Fic. 30 


since, from symmetry, H,(0, r) = 0. The condition curl H = 0 
gives 0H,[0z = 0H,/dr. Hence 





ose OH; , 


c ôr 


In order for the force f, to be a restoring force (see Problem 587), 
the derivative 0H,/dr must be less than zero. 


589. |E] = PE . It is easily shown that, if the betatron con- 
2x Rc 


dition (see Problem 586) is fulfilled, OE,JOR = 0 and 0? E,JOR? > 0, 
if — (R[H) OH]OR < 1. 

Windings are mounted along different orbits in the betatron and 
the induced e.m.f. measured. A graph is drawn, showing the induced 
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e.m.f. divided by 27R on the axis of ordinates and the radius R of 
the winding on the axis of abscissae. The points plotted are joined 
by a smooth curve. Its minimum corresponds to the position ofthe 
equilibrium orbit. 


590. The electron loses 12 eV by radiation at every revolution. 
With the conditions stated, the radiation loss during one revolution 
of the electron and the energy gained are equal at 292 MeV. The 
self-energy of the electron is 0:51 MeV. 


591. In order for the detuning to be a minimum, the frequency 
of rotation and the frequency of the electric field must obviously 
coincide when the proton reaches half its final energy. In this case 
the frequency of rotation in the centre of the magnet will be greater 
than the frequency of the electric field. When the proton reaches 
half its maximum energy, the frequencies are the same. On reach- 
ing the final energy the rotation frequency will be less than the field 
frequency, the difference between them being precisely the same 
as their difference (with reversed sign) at the centre of the magnet. 
In our case the maximum energy W, is equal to 44-5 MeV. 

Infact, R? = E?v?[e? H?c? = (E? — Eĝ)/e? H?, where E = Eg + W 
is the total energy of the proton, and Eg — 938-1 MeV is the rest 
mass energy of the proton. Hence 


W = VE + RH? — Ep. 


The Larmor frequency o = ecH/(Ey) + 4W,) = 1:404 x 10°rad 
per second. 


592. Let the deuteron acquire energy a in one revolution. The 
rate of increase of the energy is now dE/dt = aw/2x, where w is the 
angular frequency of the deuteron revolution. The familiar ex- 
pression w = ecH/E for the frequency can be rewritten as 


t 
o( -f sat) = ecH, 
o 2x 


where Ej = 18:76 x 10? eV is the rest mass energy of the deuteron. 
On differentiating this relationship with respect to ¢ and taking H 
= const, we obtain a differential equation for c(t): 

w a 


ex. 
w 2xecH 
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We obtain as a result: 


w(t) = 


Winit 


VAt +1 





$ 


where 
2 
ra AWinit 
2xecH 


In our example win = 0:719 x 10? sec-! ; A = 92 sec}. The total 
frequency variation is Aw/@inn = (E — Eo)/Eo = 10-65 per cent. 


593. R= eh- — ————— 
E Ir 


594. (1) The change in the radius is 0-6 cm. 


(2) 83 usec after the magnetic field has passed through zero. 

(3) When calculating the length of path in the betatron state it 
can be assumed that the magnetic field varies linearly with time, 
since the betatron state lasts 83 usec. During this time the phase 
of the magnetic field changes by rather more than 1-5°. The energy 
acquired by the particle in one revolution is 136 eV. Hence, during 
the betatron state the electron has performed 1-46 x 10^ revolutions 
and has traversed a path equal to 27 km. In the synchrotron state, 
it can be assumed to a very high degree of accuracy that v — c. 
Hence we find that the path traversed by the electron in the synchro- 
tron state is about 5000 km. 


595. Since T > t, the counter cannot record more than one pulse 
in each cycle. 
(1) Let ¢ = 2r; then the number of random coincidences is 


N,N: 
f 


(2) When ¢ > 2r, the number of random coincidences is dimin- 
ished in the ratio 2t/t: 


Wrana = 


2N,Not . 
ft , 


(3) When £ < 27, Wana does not vary until z < 1/f. 


Wana = 
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Thus with pulse loading of a counter the number of random coin- 
cidences increases rapidlyby comparison with the caseof continuous 


loading. 
596. c(t) = PER A where L = Eo Ox = vi 


> 


JL? +1 eRoH Ro 








is the frequency of rcvolution in the limiting case, when the particle 
velocity v % c (c is the velocity of light, Eo is the rest mass energy 
of the particle; for a proton, Eg = 938 MeV, for an electron 
Eg = 0:511 MeV). 


597. Since the acceleration takes place in an orbit of constant 
radius, the rate of increase in energy must bc the same as in a 
betatron. Using this fact, we find that the proton acquires 191 eV 
in one revolution. The maximum energy z 1:3 x 10? eV. The path 
of the proton z 1900 km. 


598. In the presence of straight intervals the frequency wx is equal 
to 2xc/IT, where IT is the orbit perimeter (see Problem 596). In our 
case wg = 2 x 1:44 x 108 sec—!, whilst L = 0:28/t, where t is the 
time in seconds, measured from the instant when the magnetic field 
becomes zero. (a) The magnetic field at the start of the acceleration 
process is H = 155 oersted. (b) When f? < 1 the error Aw in the 
frequency displaces the orbit by the amount 


AR = =R Ay , where papo es 
NWF nil 





This expression is obtained by differentiating the relationship be- 
tween wọ and H (Problem 596) on the assumption that L > 1; n is 
the index of the magnetic field, equal to 4. In our case |AR| = 11cm. 


599. About 20 MeV sec^!. 


600. (a) An observer sees individual radiation bursts, following 
one another at equal time intervals T = 2n/w*, wy = eH: mc?[mcE 
(it is assumed that 9 > a, where « is the angle between v and A). 

(b) The burst length is At ~ Ar'(1 — v/c) ~ At'(mc?/E)*, where 
At ~ [cd ~ (Lon): mc?[E = mc[eH is thc time interval during 
which the clcctron moves in the direction of the observer (within 
the limits of the cone of angle 2). The factor (1 — v/c) in thc ex- 
pression for At is due to the Doppler effcct (the pulse is com- 
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pressed by a amount vár’, so that its length diminishes by vAt'/c). 
The spectrum consists of overtones of the electron revolution fre- 
quency cg, but when E/mc? > 1 it is practically continuous. In the 
frequency spectrum of a pulse of length At the greatest frequency 
is the cyclical frequency Wmax ~ 1/4t ~ (eH/mc) (E[mc?)?. To see 
this, we have to consider the Fourier expansion of the spacial pulse 
which has the form of a “spike” of length 4¢, while the field in the 
spike changes sign (the time average of the field in the pulse van- 
ishes). 

An accurate calculation shows that the maximum occurs at the 
frequency mar = 0544/27 = 0-216(eH[mc)(E|mc?)? 2 1:8 x 1018 HE? 
(E in erg, H in oersted). 


601. We use the formula of the previous problem, Ymax = 46 x 
x 10-°HE?, where Eis measured in electron volts. When E = 10?cV, 
mar ^ 1:9 X 107 c/s, A = cþp ~ 20cm; when E—3x10!*eV, 
y ~ 1018 c/s, À ~ 3A. 


602. The radiation in the wave is polarised predominantly along 
the electric field E, directed perpendicularly to the external mag- 
netic field (E is directed along the acceleration of the radiating 
charge). 


603. In order for the particle to enter the accelerating field at the 
same value of the potential difference, the distance /, between the 
centres of adjacent gaps must increase proportionally to the par- 
ticle velocity: 


where A is the wavelength of the electric field. In this case the time 
spent in passing between two gaps is $7. Let the electron acquire 
energy eVp < eV, asit passes through each gap; then the length of 
the nth tube is 


2 
De op smx—. 
8 Eo + Win + eVgn 


In our example we can take (Winn + eVgn)/Eo < 1. Hence 


Ya 2a Bes. fis en qeu s co lire 2n: 
Wratt 
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The tube length thus varies from 5:2 to 16:4 cm. 


604. For thc same accelerating field frequency, the tubes must 
be twice as long. 


605. Lct z denote the distance from the input aperture of the 
accelerator, and E, the electric field-strength of the wave. The equa- 
tion of motion 





gives us 
moz 


Zz 
ji ee 
c? 
where A, isa constant of integration. On solving this equation for z, 
we get 


= eó.t + Ai; 


Vie? + (edt + Ay)? 
VEZ + c(e&,t + Ay)? 
eó, 
Tr A5, where Ey = mec?. This easily gives us the wave phase velo- 
city v and the particle energy W as functions of z: 


J(efiz 4 E, 4 Wy — E? 
QU Meri OTI epic | gre t 


eó,z T Eo + Winte 


Integrating a second time, we get z = 


In a proton accelerator v varies by a factor of 9-5, and in an elec- 
tron accelerator by a total of 0-6 per cent. 


606. The electrostatics theorem in question says that there can be 
no position of stable equilibrium in systems in which only electro- 
static forces are acting. Since in linear accelerators the phase vclo- 
city v < c, we can consider the motion in acoordinate system which 
moves at a given instant with velocity v, and thus reducc the prob- 
lem to an electrostatic problem. The thcorem in question shows 
that thc possible equilibrium positions have the form of “‘saddle- 
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points", i.e. if there is stability in one direction, there is no stability 
in the perpendicular direction. This implics for a linear accelerator 
that, if there is stability in the direction of wave propagation 
(“phasing”), i.e. the particle can be accelerated without its falling 
behind or outstripping the wave, stability is necessarily absent in 
the perpendicular direction and the beam deviates from the wave- 
guide wall. And conversely, if we arrange for "focusing", then 
“phasing” must be absent. This difficulty can be overcome by using 
a subsidiary constant magnetic field or by means of grids in the 
diaphragm apertures, in which electric charges appear. In this case 
the electrostatics theorem is inapplicable, since either a focusing 
magnetic field, or moving charges, appear in the moving coordinate 
system. 


607. If we use the same methods of solution as in Problem 605, 
we find that the distance of the particle from the wave is 


= Jw? + 2EW, — (Wine + Eo) Bic — (We — Wy) 





Az 
eĝo 
where inn = Vinie/C. In our case ((Winn + Eo)/Eo)? > 1, so that 
LUE I - A = 27cm. 
2eĝo | Win + Eo W, 


608. As is clear from the answer to Problem 588, the equation 
of the particle oscillations in the vertical direction (i.e. in the direc- 
tion perpendicular to the surfaces of the magnetic poles) can be 


written as 


"T eR ELE ea S (1) 
c Oz 


Since H, varies as R" in the first half of the sectors, (1) becomes 
Z — o?nz = Q. (2) 

For the second half of the sectors: 
Z + o?nz = 0, (3) 


where o is the frequency of rotation round the orbit of radius Ro. 
The particle vibrations in the radial direction (i.e. in the central 
plane between the magnet poles) are described by the same equa- 
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tions (2) and (3) (n > 1), provided we interchange neighbouring 
sectors. Equations (2), (3) can be solved by a matching method. It 
is convenient to introduce the particle azimuth 2 = wt instead of 
time t. The azimuth is measured from zero in each sector. Each pair 
of sectors forms a complete period of variation of the conditions of 
motion. Using this, we match the solutions for adjacent pairs of 
sectors. We obtain as a result: 


= Asin n à + BoosVn 8, 
E (4) 
zı = (AC — BS)sinh Vn 8 + (AS + BC) cosh Vn 0, 

where 


C=cosVn—, S=sinvn—. (5) 
N N 


On introducing for each pair of sectors an index m, running through 
all integral values, we obtain difference equations for the constants 
Amand B, in the mth and (m + 1)th sectors: 


Am[SCz + CS2] + B,[CC; — SS2] = Busi, 
AnlSS2 + CC;) + BrlCS2 = SC;] = Ani, 


(6) 
where 


C = cosh Vn —, S ein 
: N' UU N 


We seek the solution of equations (6) in the form 
A, = De", B, = fD". (7) 
On substituting (7) in (6), we easily obtain: 
cos u = CC; 


or, on expanding cos u in powers of Vn(x|N): 


itf 
cosu —1— =(3) à 
6\N 


For the solution to be stable, we must have |cos u| < 1. At the 
centre of the stability region cos p = 0, i.e. 


4 
n? = (2) à 
x 
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Apart from the principal stability region, whose centre has been 
found, there is an infinite series of stability regions in the range of 
values n for which cos Vn (x| N) vanishes. Only the principal region 
is of any practical importance. 


609. The period of revolution of the particle To is 
_ QxR 4 I) 
cp í 


where B = v/c. Hence / = Toch — 2xR. The dependence of f on 
the orbit radius R and the magnetic field-strength is found in the 
same way as in Problem 596. 


To 


610. The radius of the trajectory in the cyclotron “gaps” is R/x. 
In the gaps the orbit rotates through the angle //(R/x), and in the 
sectors through the angle 2x — /x/R. The perimeter of the trajectory 
is equal to (2z — Ix/R)R + l = 2xR + (1 — x). The length / is 
thus increased by a factor of 1/(1 — x) compared with the length 
obtained in the previous problem (given the same radius R). 


611. We use the familiar formula of relativity theory: p?c? 
= E? — Ej, where pis the momentum of the particle (or of several 
particles),and E, Eo are the total and rest mass energies ofthe particle 
(or particles). It follows from this formula that E? — p?c? — E 
is the same in all systems (due to the invariance of Eo). We consider 
two identical particles moving in opposite directions with energies 
E,. Then 

QE)? = (E, + Eg? — p^c?, 


where E; is the energy of one of the particles in the system in which 
the other is at rest. Hence 


pe = Ej — Eż. 
Assuming that E, > Eo, we get 
2E; 
Eo 
(1) If we take Eo as approximately 0-5 MeV for electrons, and 
1000 MeV for protons (instead of the exact figure 938-1 MeV), 





E = 
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we obtain effective energies for electron accelerators of 40 GeV and 
4000 GeV respectively, and (2) for proton accelerators 200 GeV 
and 20,000 GeV. 


612. According to the Doppler effect formula: w = o(1 + £)/ 
vi — B? = 2wE]E,. The energy of the protons is therefore hw’ 
= 1:78 x 2-4 x 10* = 4:3 x 10*eV. The electric field-strength in- 
creases by the same factor, i.e. it will be equal to 12,000 MV/cm. 


613. The magnetic field should not have a preferred direction, so 
that particles of a given sign can rotate in different directions. A 
ring-type magnet has to be made up from 2N completely identical 
magnet sectors. The current must be arranged to flow in opposite 





FiG. 31. Piece of ring magnet, consisting of two sectors with magnetic 
field directed towards us (the sectors marked (2) and two sectors with 
the field in the opposite direction. The figures 1 and 2 indicate the two 
possible orbits and the directions of motion for positive particles. 


directions through the windings of adjacent sectors. In this case 
thc direction of particle rotation round its orbit depends on the 
initial conditions, whilst the orbits themselves are similar but are 
turned through an angle z/N relative to one another, as shown in 
Fig. 31. 


614. The resonance condition is the equality ofthe rate of change 
dy|dt of the phase of the wave (p = wt — kz; dp/dt = w(1 — 2/c)) 
and the rate of change eHo/ymoc of the phase of the rotation in the 
magnetic field. If the resonance condition is fulfilled at the initial 
instant, it follows from the equations of motion that it will remain 
fulfilled. Let the planc wave have the components E, = Asin g, 
H, = Asing; then d(moyz)|dt = (e/c)XA sin p = (e]c)X H,, and 


224 MOLECULAR PHYSICS AND THERMODYNAMICS 


we have from the law of conservation of energy: 


d(moyc?) 


— exAsin y — exE,. 
dt 


This gives us d(moyc — moyz)/dt = 0, or (1 — z[c)y = const. 


615. (a) We find the direction of the average radiation, i.e. we 
require that f n dQ = 4n[n(90°)] (1 + 4/3) = 4nn(05); we there- 
fore have to take cos? ®, = 4. 

(b) The total output per primary deuteron is 

x(E) 


E 
N'=2M o(x) dx = 2m | o(E) - 
0 


5 dE| 
dx 


On differentiating with respect to E, we get 


dN’  2Mc. 
dE | del" 
dx 








noting that N’ = 1-6 x 10-19 N, we have 


pei dE E 
2M dx dE JE 


616. The recoil proton energy is equal to E cos? = E, (2 is the 
angle between the directions of travel ofthe neutron and the recoil 
proton). 

The recoil proton production differential cross-section in the 
centre of mass system is proportional to the solid angle d cos 9o, 
where 2, is the angle in the centre of mass system. But à; = 20, 
so that d cosy = 2dcos?%. The cross-section is therefore pro- 
portional to dE,. Hence the cross-section corresponding to produc- 
tion of a proton with energy E, > Eo is o(E) (E — Eg)[E, i.e. it 
is proportional to E^ (1 — E/E). The detector sensitivity is pro- 
portional to the same quantity. 


617. The probability of fission of each uranium nucleus is 
0, = nos|4nR? = 1-47 x 107?? sec^!, and the probability of a- 
disintegration is o, = (In 2)/z = 5 x 1071? sec-!. The ratio of the 
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numbers of pulses is c/c, = 340, whilst the ratio of the energies 
released is w,E,/w,sE, = 18. 

In view of the large number of pulses from a-particles it is ne- 
cessary to arrange for the sensitivity to be such that they are not 
counted. 


618. (a) Neglecting the electron binding energy, we find that 
Q = — 931 (701824 + 1-00816 — 7-01916 — 1-00899) = 1-62MeV. 

(b) The total energy of the proton and lithium nucleus in the 
centre of mass system must be Ey = Q = 1:62MeV, Eo = 4M0? 
+ 4M,v?. Obviously, v, = 7v, (since the momenta are the same 
but in opposite direction). Hence we find v, and v,. The proton 
velocity in the laboratory coordinate system is v, + v,, whilst the 
energy is E, = 8E9/7 = 1-85 MeV. 


619. 31-8 MeV. 

620. 28-1 MeV. 

621. Q, — 4:0 MeV; Q, — 3:25 MeV. 
622. Q, = 18-3 MeV; Q, = 17:6 MeV. 


623. It follows from the answers to Problems 621 and 622 that 
a deuteron releases an energy 3 (4 + 3:25 + 17:6 + 18:3) 2 7-2MeV 
per “burn-up”. We easily find from this that a total energy of 
3:6 x 10? kWh is released by the total combustion of the deute- 
rium contained in a litre of water; this is equal to the energy 
obtained by burning 277 kg of petrol. 

624. The number of reactions per second per cubic centimetre is 


1N?o(v)v, where the bar denotes averaging over all the values of 
the relative velocities of the deuterium atoms. 


625. 2:9 Wcm^?. 


2 
626. p = = 16atm. 
x 


627. 1:6 x 10? cal. 


628. A asuiértum = 2:01471; Aetectron = 0-0000548 ; Ageuieron 
= 2:01416. 


629. 17-2 MeV. 
UPI. 15 IV 
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630. The energies of the proton and neutron are equal and 
amount to 0-215 MeV. The proton and neutron move away in 
opposite directions. 


631. Am = 0:46 x 10-9 g. 
632. 4-6 x 107? g. 

633. Am = 2:4 x 10-9? g. 
634. About 4 million tons. 


ll 


THE BASIC RELATIONS OF THE THEORY 
OF RADIOACTIVE DECAY 
(GENERAL HINTS ON THE SOLUTION OF PROBLEMS 635-648) 


If Nis the number of radioactive atoms at the instant ¢, the num- 
ber of disintegrations in time dt is AN dt, where A is a constant called 
the disintegration constant. The change in the number of radio- 
active atoms in time dt is 


dN = —ANdt. (1) 


On integrating (1) with the initial condition N = No at t = 0, we 
obtain the radioactive decay law 


N = Noe”. (2) 


On substituting in (1) ¢ = T = (In 2)/A, we see that the number of 
radioactive atoms is halved in time T. For this reason T is some- 
times called the half-life of the radioactive substance. 

The activity of a radioactive preparation is the number of dis- 
integrations occurring in it per unit time: n = — dN/dt. On the 
basis of (1): 

n= AN; (3) 


the activity (or intensity) of the preparation decreases according 
to the same exponential law as the number of radioactive atoms. 
The unit of activity is usually the curie: 1 curie = 3-7 x 10!° dis- 
integrations per sec, i.e. the number of disintegrations per second 
in 1 g of radium. 

Let v radioactive atoms possessing the disintegration constant A 
be formed per unit time (under the influence of irradiation by 
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neutrons or other particles, or as a result of decay of the parent 
substance). The change in the number of these atoms in time dt 
is dN: 

dN — v dt — AN dt, 


whence (taking N = Oat t = 0) 
N= 1 ap My. (4) 


At first (when ¢ < T) the number of radioactive atoms increases al- 
most linearly; but the growth in the number of atoms gradually 
slows down and after an interval equal to several half-valuc periods, 
a saturation point is reached at which the number of new radio- 
active atoms forming per second is precisely equal to the number 
disintegrating in the same time, i.e. 


y — AN. 


Let thc half life T, of the parent substance be very large com- 
pared with the maximum of the half-lifes T, of its subsequent dis- 
integration produets. In time £ > T, the number of atoms of the 
decay produets ceases to inerease and, by (4), is equal to 

v 
N, x 
where v = the number of disintegrations of the parent substance 
per unit time, equal to 2,N,. 

Thus, 4,N, = 2,N, 9: = A,N,, i.c. the activity (number of 
disintegrations) of every member of the radioactive family is the 
same. This state is called the state of radioactive equilibrium. 


635. 4 = 2:9 x 10-5 see? 
636. 2 = ——— = 1-42 x 10-!! sec". 


637. AN = 3:80 x 107°. 


638. It may be seen from the shape of the graph that at least two 
radioactive elements are present. The long half-life can be deter- 
mined directly; it is equal to 8 hr. The shorter half-life ean be found 
as follows. We subtract from the counter readings the values 
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corresponding to the long half-life, and draw the graph for the new 
values. The short half-life is 40 min. 


639. In view of the radioactive equilibrium RaD, RaE and Po 
have the same number of disintegrations per sec, i.e. the number of 
p-particles emitted per sec by the RaD or RaE is equal to the num- 
ber of -particles emitted by the Po. The number of atoms of each 
type is found from the condition that the activities are equal: 


ARapNnap = Żrar Ngae = ApoNpo = 105 sec 5. 


The half-life of RaD is found from the uranium-radium dis- 
integration series table (Table VII, page 236): T = 22 years= 6-9 x 
x 108 sec, whence 


ou 063. 0595. E ura 
Trap 6:9 x 108 
and 
105 
Ngap E 10-9 = 10!4 atoms. 


640. The half-life of radium is 1550 years; 1 g radium contains 


z 23 
Nga = LAE S = 2-66 x 10?! atoms. 
226 


Using the same method as in the previous problem, we can find the 
number of disintegrations occurring per second in 1 g of radium, 
and the number of radon atoms in equilibrium with 1 g of radium 
(the half-life of radon is Tp, = 3:82 days): 


ÁgaNg, = 3:77 x 1019; Nan = Lr 1-76 x 1016. 


Rn 


Since 1 mole of gas occupies a volume of 22,400 cm? in normal 
circumstances, the volume of radon in equilibrium with 1g of 
radium is equal to 
Van = 22400 Nan 


—__*2___ = 65 x 10-* cm? = 0°65 mm? 
6:02 x 1073 


641. ~ 43 mm?. No account is taken in the calculation of the 
release of helium by products of radium decay. 


642. 2 = 4:5 x 10-18 sec-!, 
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643. In view of the radioactive equilibrium between U??? and 
U?2?5, 434" N3234 = 4238 * N2338, whence 


I23$ 2 2T 2 —3* 06 x 10-5; Tas, 227 x 105 years. 


The half-life of U??* is much smaller than the age of the Earth 
(~ 10? years); hence our assumption of the existence of radio- 
active equilibrium between U??? and U??* is justified. 


644. The activity of the compound, like the number of active 
atoms, decreases in accordance with the law: e^^' = 27'/T, The 
activity of the P?? compound 10 days after its preparation is 


t 10 
I= lo:2 T = 100 x 2 15 = 63 mcurie. 


645. Ty, = 4:5 x 10? years. 
646. Z = 90; A = 230; ionium is an isotope of thorium. 
647. T x 1-5 x 10? years. 


648. On irradiation to saturation the number of iodine atoms 
disintegrating per second (i.e. the activity of the preparation) is 
equal to the number of atoms forming per second, i.e. 


H4, = 107 disintegrations per second. 
The number of iodine atoms in the case of activation to saturation is 


Noat = LE 107; TE E EEE = 3:] x 10! atoms. 
A 25 x 24 x 3600 
The number of iodine atoms in time ¢ after irradiation is 
N = Na(l -e6^), 


or, for small t (t < T), 
N = NM nt. 
When ż = | min, 


N = nt = 107 x 60 = 6 x 108 atoms. 
When ¢ = 25 min, 
N2N4O-—e6)-21L55 x 10!3 atoms. 


230 MOLECULAR PHYSICS AND THERMODYNAMICS 


649. If an intermediate process exists, then in the co-ordinate sys- 
tem in which o is at rest, its rest energy E2 is equal to the sum of the 
energies of the particles into which w disintegrates: 


E? = El, + El- + Ep = E!, 
whilst the total momentum of the disintegrating particles is 
P’ = Py, + Pre + Po = 0. 


Since the quantity E? — P?c? is invariant on passing to another 
system, we have in the laboratory system E? — P?c? = (E9)?, 
where E and P are the total energy and momentum of the three 
particles (z^, z° and z+) in the laboratory system. 

On considering a large number of decay reactions and evaluating 
E? — P?c?, we should obtain each time the same quantity (E3)?, 
if the particle w exists. 


650. Reactions 2, 4 are impossible because of the non-conserva- 
tion of the lepton charge, and reaction 8 because of the non-con- 
servation of the baryon charge. 


651. Reactions 2, 3, 6, 8, 9 are impossible. A comparison of reac- 
tions 5 and 6 when investigating the interaction of neutrinos ob- 
tained by reaction | with protons has shown that reaction 5 occurs, 
but not 6, although the latter is more suitable energy-wise. The 
existence of two neutrinos was proved by this means. 


652. In reactions 1, 6, 8, 10, 12, 14, |AS] = 0 and they proceed 
through strong interaction. In reactions 2, 3, 4, 7,9, 11, [AS] = 1. 
Hence disintegrations 3, 4 have relatively small probabilities, whilst 
reactions 2, 7, 9, 11, are not observed in practice. In the disintegra- 
tion 5 and reaction 13, [4S] = 2. Thus they are not observed. Cas- 
cade hyperons decay in accordance with reaction 4, and afterwards 
A decays in accordance with reaction 3. 


653. The kinetic energy can only be completely used for particle 
production in a centre of mass system of colliding particles, since 
it is only in this systcm that all the particles can be at rest after the 
reaction (at the energy threshold). Hence the problem of finding the 
threshold energy amounts to the problem of determining the con- 
nexion between the kinetic energy in the laboratory system W and 
in the centre of mass system W,. Let E, denote the rest mass energy 
of the approaching particle and E; the rest mass energy of the nu- 
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cleon (E; = 938 MeV). We now find from the condition for in- 
variance of (E -- W)? — c?p? in all systems that 


(E, + Ei + WP — cpi = (E, + E, + Wy, 
(E, + WP — cpi = Ei. 
These two equations give 
W =W, ( " LA, 
2 


The threshold value W for production of a z-meson is obtained 
by setting W, = m,c? = 140 MeV. We find as a result that the 
z-meson production threshold for a y-quantum or electron im- 
pinging on a nucleon is 150 MeV, and for a nucleon impinging 
on a nucleon is 290 MeV. 


654. We consider the reaction of anelectron and positron in the 
centre of mass system. The conservation law shows that the momen- 
tum of the y-quantum is equal to zero in this system, which is 
obviously impossible. 


655. If the energy of the proton is sufficiently large it can radiate 
a? and xt mesons, and also positrons (the reactions p > p + 2°, 
p>n +t, p—>n + et +v). x~-mesons and electrons cannot be 
radiated. 

656. I, = 20l, N(L). 

I, centre œ 5 x 10-* photons cm ? - sec: steradian 

I,, anticentre ~ 1074 photons cm ^? - sec - steradian 

I,, pole œ 10-5 photons cm ? : sec : steradian 

657. I = I,|[2onRg, = 400 I, particles cm"? » sec : steradian. 


The photometric radius of the Metagalaxy is Rpa = 5 x 10?? cm 
and is approximately determined from the condition u % 1c. 


658. The laws of conservation of energy and momentum must be 
satisfied when a y-quantum is emitted: 


Ej; — ho tR, 
Ju gun ROM A B), 
c c 
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where pg is the momentum of the nucleus after emission of a y- 
quantum. 
We obtain on solving these equations: 


Eh. Eh 
2(Mc? + E,2) 2Mc? 


Hence hw = E;;— R; Ao = — R[h, whilst 4A z 2zA[2Mc?, 
which is the same as the answer to Problem 498. We obtain for the 
Irt?! nucleus: R = 0:046 eV. 


659. We obtain by analogy with the previous problem: 


E? 
R= TE ; ho = Ey, R. 
c 





660. It may be seen from the solutions to Problems 658 and 659 
that the difference between the energies of the emission and absorp- 
tion lines of free nuclei is 2R ~ E},/Mc?. It is more convenient to 
compare the relative line widths: TJE;2, J2kT]Mc? 2kT/Mc? and 2R[E,;. 
The required temperature is Tọ = E2;/2Mc?k. We obtain the 
following table for the nuclei quoted in the problem: 


__Nucleus | Tu!6? | Fes7 Dyer Juss Aut97 | Ert66 | Zn67 Bnm W182 | Ir191 | Re187 
pee 
(= ) x107 0.53 5.2 isa 6-9 5.9 7.2 10.7 
a) | 
825 ad 449 535 1152 


It will be seen from this table that the natural line widths are many 
orders less than the difference between the y-quantum emission and 
absorption lines, whilst Tọ is fairly large for most nuclei. These 
factors lead to difficulties in observing the resonance absorption of 
y-quanta by free nuclei. 











661. The y-quantum energy shift due to the Doppler effect is 


AE - E. 


c 


We find from this, on putting AE = T]6, that v/c = 6 x 107!?, and 
v = 0:18 cmsec™?. 
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662. On expressing the energy E,, in keV, we find that 
Ej < NUT keV. 
160 


Hence, when A = 225 and Tp = 480°K, 








Ex. < 15 V3 keV. 
When A = 64 and Tp = 160°K, 
Ey. < 40. 


We can conclude from this that, to observe the Móssbauer effect, 
we want to confine ourselves to y-quanta energies of the order of 
100 keV or less and mass numbers 50 or larger. 


663. h = Ic?/100g E,; ~ 28 m. 


664. The undisplaced line of y-radiation (its existence was dis- 
covered by Mossbauer) results from the fact that the recoil mo- 
mentum is transmitted to the crystal as a whole. But the mass of a 
nucleus when it emits a y-quantum of energy E,; = hvis diminished 
by AM = E,,/c?, so that its mean kinetic energy, connected with 
the thermal motion, changes by AE = AMu?/2 = E,,u?/2c? 
= 3kTE[2Mc?, where M is the mass of the nucleus and the mean 
value u? is 3KT, /M. Thus the frequency of the emitted y-quan- 
tum is diminished by Jv = AE/h = 3kTv[2Mc?. If the temperature 
difference between the radiator and the receiver is ôT, the emission 
and absorption frequencies are displaced for this reason by óv 
= 3kóTv[2 Mc?. The frequency shift due to the height difference is 
Ay = ghv[c?, so that ôT = 1? corresponds to a height difference 
Oh = 3k6T/2Mg zx 22 m. 

From the classical view point the temperature-dependent varia- 
tion in the absorption of y-radiation is due to the quadratic Doppler 
effect. 
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TABLE 1. WATER AND ETHYL ALCOHOL VAPOUR PRESSURES AT DIFFERENT 








TEMPERATURES 
Temperature Pressure in mm Hg Temperature Pressure in mm Hg 
in °C water |ethylalcohol| in "C water | ethyl alcohol 
35 42-188 — 5 6°54 17-70 
30 31-834 78:41 4 6:01 16-62 
28 28:35 70-09 3 5:68 15:69 
25 23-76 59-03 2 5:29 14-60 
24 22:38 55:70 1 4:92 13:65 
23 21:07 52-54 0 4-58 12-73 
22 19-83 4954 , —1 4:25 — 
21 18:65 4669  —2 3:95 — 
20 17:54 4400 | —28 — 9-49 
19 16:48 41:45 — 30 3:67 — 
18 15:48 39-05 — 40 3:40 — 
17 14:53 3671 — 50 3-16 — 
16 13:64 34.62 — 60 2-93 LE 
15 12:79 32:60 — 70 2771 — 
14 11:99 30:69 — 80 2:51 — 
13 11:23 28-89 — 9:0 2:32 — 
12 10:52 27.19 — 10:0 2:14 6:47 
11 9:84 25-59 i —106 — 5:20 
10 921 2408 | —110 1:98 — 
9 8-61 22-66 —120 1:83 — 
8 8:05 21-31 —13-0 1-68 = 
7 7-51 2004 | —165 — 3-23 
6 7:01 18:84 | —24:5 aS 1:72 
i 
dE p 
TABLE II. is /(s — us) 
B fin 10? eV B fin10 eV 
(1 — p?)1/2 percm air (i — p?)1/2 percm air 
0-126 3-28 
0-18 2-83 
0-255 2-69 
0:315 2:52 
0-366 2:41 
0-411 2:49 








TABLE III. = = g AS A FUNCTION OF ( 


B 
a= gy 


0-02 
0-04 
0-06 
0-08 
0-10 
0-12 
0-14 
0-16 
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B 


| 
(app) t 


expressed in cm 
air in standard 
conditions 


6 
q— gy 





B 


0-18 
0-25 
0-30 
0:35 
0-40 
0-45 
0-50 
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) (R = RANGE OF PARTICLE) 


B 
d G - TE am 


expressed in cm 
air in standard 
conditions 


12:35 

21:00 

41 

61 
102 
183 
265 


TABLE IV. RANGE-ENERGY RELATIONSHIPS FOR PARTICLES IN EMULSIONS 


























Range Energy (MeV) Range Energy (MeV) 
(microns) p d t a (microns) p d t a 
a PIPNENE NM. —_ a BÉBÉ 
5 0-47 | 0:58 | 0-63 | 1:50 60 2-60 | 3:37 | 3-80 | 10:30 
10 0-78 | 0-98 | 1-10 | 2-84 70 2-88 | 3-79 | 4-20 | 11:35 
20 1:26 | 1-60 | 1.82 | 4-86 80 3-10 | 4:05 | 4:60 | 12:35 
30 1:66 | 2:10 | 240 | 647 90 3:35 | 4:35 | 5:00 | 1325 
40 2:00 | 2:55 | 2-89 | 7-85 | 100 2-60 | 4:65 | 5:30 | 14-23 
50 2:32 2-97 | 3:37 | 9-10 150 4-60 | 6:00 | 7-00 | 18-15 
d(Hr) B 
TABLE V. d. IN LEAD AS A FUNCTION OF a g5uz 
d(Hr) - 10-5 d(Hr) . 10-5 
B FERT SE dx B MEN o 
(1 — 82)! 2| in oersted cm~! (1 — 8?)!/7?| in oersted cm~! 
per cm lead per cm lead 
0:3 0-288 8-33 1-0 0-706 0-80 
0-4 0:372 4-33 1-1 0-739 0:72 
0-5 0-449 2-71 1:2 0-768 0-67 
0-6 0-515 1:91 1:3 0-793 0-62 
0-7 0:574 1:45 1:4 0-814 0-56 
0-8 0-625 1:315 r5 0-832 0-545 
0-9 0-667 0:94 1:6 0-848 0-543 
| r8 | 0:874 0-542 
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TABLE VI. MASSES OF NEUTRAL ATOMS IN AMU 


nd 1-0089860 + 10 | Li? 7-0182389 + 42 
H! 1-0881451 + 2 | Li? 8:0250425 + 44 
H? 2-0147425 + 6 | Be? | 7-0191625 + 33 
H3 3-0170013 + 29 | Be? | 8-0078563 + 38 
He? | 3-0169807 + 18 | Be? | 9-0150566 + 36 
He* | 4-0038761 + 13 | B!9 | 10-0161236 + 39 
Li® | 6:0170404 + 44 | Cl? | 12-0038156 + 4 





TABLE VII. THE URANIUM-RADIUM RADIOACTIVE SERIES 


Particle 
Name Z|A Decay Half-life energy 
in MeV 
Uranium UI 92 | 238 a 4,5-10°years| 421 
x 
UX; 90 | 234 B 23 days 0-13 
x 
UX, 91 | 234 B 1:14 min 2:32 
| 
Uranium UII 92 | 234 a 2-7.105years| 475 
N 
Ionium Io 90 | 230 a 8:3-10* years 4-66 
4 
Radium Ra 88 | 226 a 1550 years 4:79 
| 
Radon Rn 86 | 222 a 3:82 days 5-49 
| 
RaA 84 | 218 a 3 min 6-00 
Y 
RaB 82 | 214 B 26-8 min 0-65 
| 
RaC 83 | 214 | 8 (99,9695) | 19-7 min 3:2 
a (0-0495) 5:5 
a 
x RaC’ 84 | 214 a 1:5: 10-7*sec 7-68 
Rac” y 81 |210 B 1:3 min 1:80 
* Rap Ý 82 | 210 B 22 years 0-025 
i 
RaE 83 | 210 p 5 days 1:17 
4 
Polonium Po . 84 | 210 a 140 days 5:30 
4 


Lead Pb 82 | 206 stable 
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